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ABSTRACT 
ENVIRONMENTAL IMPACTS AND CARRY-OVER EFFECTS IN COMPLEX LIFE 
CYCLES: THE ROLE OF DIFFERENT LIFE HISTORY STAGES 
by Nnaemeka Francis Ezeakacha 
December 2015 
A challenge faced by organisms with complex life cycles is how environmental 
factors experienced at an earlier life stage affect the fitness at that stage or are carried 
over to subsequent life stages. I used container-inhabiting mosquitoes: Aedes albopictus, 
Aedes aegypti, Aedes triseriatus and Culex quinquefasciatus to study the interactions and 
performance of life history stages under specific environmental factors. I investigated the 
effects of egg-desiccation tolerance on egg viability and larval performance in the Aedes 
mosquitoes. I found increase in egg hatch rate with relative humidity and interaction 
between relative humidity and egg storage period. Larval performance differed among 
species, but egg-desiccation tolerance did not lead to higher larval performance. I 
examined the effects of temperature on the outcome of larval intraspecific competition as 
well as interactions between temperatures for rearing and those for adult maintenance in 
Aedes albopictus. I found that increasing temperatures resulted in shorter development 
time and smaller adult sizes while increasing densities led to longer development time 
and smaller adult sizes for males and females. There was also an interaction between 
larval and adult temperatures; higher temperatures led to greater differences in female 
fecundity, and lower temperatures led to increased survival. I investigated the effects of 
female natal habitat on oviposition responses and larval performance in Ae. albopictus, 
Ae aegypti and Cx quinquefasciatus. I found that Ae aegypti showed no oviposition 
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preference, Ae. albopictus significantly preferred animal:leaf detritus infusion and Cx 
quinquefasciatus did not oviposit in tap water. However, there was no overall carry-over 
effects of natal habitat on oviposition choices and population growth. I examined the 
relationships among female natal habitat, female size, egg number, and egg volume in Ae. 
albopictus and Cx. quinquefasciatus. For Ae. albopictus, I found strong positive 
relationships in animal detritus with female size and egg number, and in leaf detritus with 
egg volume. For Cx. quinquefasciatus, I found strong positive relationships in animal 
detritus with female size and egg number. My study provides more insight on the 
importance of habitat heterogeneity and environmental stochasticity, and the strength of 
their carry-over effects across life stages in complex life cycles. 
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CHAPTER I 
INTRODUCTION 
Organisms undergo a series of single-generational or multigenerational changes 
involving direct development of individuals that may differ in body size, but share 
similarities in appearances, habitats, and resource types (Ebenman and Persson 1988). 
These changes occur within a period known as the life cycle, with either asexual or 
sexual reproduction producing them (Stearns 1992, Roff 1992). A life cycle may be 
simple, with emphasis on the similarity of individuals across different stages. A complex 
life cycle, on the other hand, involves a change in morphology, habitat, and diet across 
life stages, and with metamorphosis or alternation of generations as the underlying 
mechanisms for life-stage transitions (Roff 1992). 
Complex life cycles occur in a wide range of plant and animal species. In fact, 
about 80% of all animal species have complex life cycles (Wilbur 1980, Werner 1988), 
comprising of two or more discrete phases exhibiting abrupt and contrasting ontogenetic 
changes in morphological, physiological, behavioral, or ecological attributes (Moran, 
1994, Wilbur 1980). These abrupt changes are usually associated with a change in habitat 
and trophic associations (Wilbur 1980, Zani et al. 2005) and result in the development of 
alternative phases that occupy different niches and have adaptations for exploitation of 
limited opportunities for growth, reproduction, or dispersal (Istock 1967, Zani et al. 
2005).  
Because most multicellular organisms have distinct life stages with variation in 
size, morphology, physiology, and other traits, life stages in complex life cycles often 
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have different physiological sensitivities and responses due to experiences from different 
seasonal environments, habitats, and microclimates (Kingsolver et al. 2011). The result is 
a differential contribution to overall lifetime fitness. How different life stages are 
specifically adapted to the microclimatic conditions they experience, and how this might 
alter ecological and evolutionary responses are important.  
There are dramatic changes in function, physiology, and environment that 
characterize sequential life stages and responses to challenges imposed on one stage may 
be assumed to be independent from those encountered by the next stage. However, there 
is evidence that life stages are not independent and may affect each other across 
metamorphosis, so that the way individuals respond to conditions in one life stage can 
influence their characteristics in subsequent life stages (Green and McCormick 2005, 
McCormick and Gagliano 2008). Phenotypic and genotypic variability among life stages 
tend to be high under conditions of environmental stresses such as temperature extremes, 
nutrient deprivation, desiccation, and exposure to pollutants (Parsons 1990). Under these 
conditions, individual characteristics of one particular life stage may not only influence 
the next life stage, but can also influence multiple life-stages and could extend beyond 
the current generation (Green and McCormick 2005).  
Insects represent the most numerous of organisms with complex life cycles. The 
size obtained during the larval growth period is directly related to adult reproductive 
success (Rowe and Ludwig 1991) and size variation at metamorphosis is also observable 
both within and between populations, and can be the result of variation in temperature, 
food resources, and population density (Rowe and Ludwig 1991). Some insects undergo 
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complete metamorphosis with their life stages exploiting both aquatic and terrestrial 
habitats, thus making them suitable models for the study of environmental impacts on 
organisms with complex life cycles. Mosquitoes (Family: Culicidae) are an example of 
insects with a complex life cycle, possessing four distinct life stages including egg, larva, 
pupa, and adult (Clements, 2000). The larva and pupa are aquatic and morphologically 
different from each other and from the terrestrial adult stage. Mosquitoes contain about 
3,500 species of true flies (Order Diptera) found worldwide except in permanently frozen 
areas (Clements 2000). They are of major research interest due to their medical and 
veterinary role as biting nuisances and vectors of disease-causing pathogens (Clements 
2000). Specifically, the incidences of arthropod-borne human diseases, such as malaria, 
dengue fever, yellow fever, and West Nile encephalitis are closely associated with the 
distribution of mosquitoes.  
The goal of this dissertation research was to understand the interactions between 
mosquito life history stages and how specific environmental factors at one life stage 
affect that stage’s performance and subsequent life stages (i.e., carry over effects). This 
research was focused on four common container-inhabiting mosquitoes: the Asian tiger 
mosquito (Aedes albopictus Skuse), the yellow fever mosquito (Aedes aegypti Linnaeus), 
the eastern tree-hole mosquito (Aedes triseriatus Say) and the southern house mosquito 
(Culex quinquefasciatus Say).  
Four overarching research objectives comprise this dissertation. The first was to 
determine the effects of egg-stage desiccation tolerance on egg viability and larval 
performance in Aedes albopictus, Ae. aegypti and Ae. triseriatus. The second objective 
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was to examine the effects of temperature on the outcome of larval intraspecific 
competition, as well as the effects of interactions between temperatures for rearing and 
those for adult maintenance in Aedes albopictus. For the third objective, the effects of 
female natal habitat on oviposition responses and larval performance were investigated in 
Aedes albopictus, Ae aegypti and Culex quinquefasciatus. In the fourth and final 
objective, the relationships among female natal habitat, female size, egg size, and egg 
volume were examined in Aedes albopictus and Culex quinquefasciatus.  
Taken together, these studies bring to light the magnitude of carry-over effects of 
environmental factors across life stages of organisms with complex life cycles; ultimately 
leading to a better understanding of importance of habitat heterogeneity and 
environmental stochasticity in the evolution and adaptation of complex life cycles. They 
also examine the important role life history stages play in the persistence and 
performance of container-inhabiting mosquitoes. This has implications for mosquito 
ecology, vector control, mosquito surveillance and transmission of disease agents. 
Specifically, the results obtained from this study contribute to a better understanding of 
the environmental factors that affect each life history stage of Aedes albopictus, Aedes 
aegypti, Aedes triseriatus, and Culex quinquefasciatus and how these factors alter the 
outcome of intra- and interspecific interactions among these mosquitoes. It is expected 
that this dissertation will spur further studies that look at various physiological and 
genetic mechanisms underlying the observed responses of life-stage changes to the 
environmental gradients.  
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CHAPTER II 
EFFECTS OF EGG DESICCATION TOLERANCE ON EGG VIABILITY AND 
LARVAL PERFORMANCE IN CONTAINER-INHABITING MOSQUITOES 
Introduction 
For organisms with complex life history cycles, evidence both from the field and 
laboratory studies have shown that conditions affecting survival and growth in a given 
life-history phase may have extensive repercussions on performance in subsequent 
phases. In addition to effects of larval and adult experience, the quality of juvenile and 
adult stages may also be affected by processes occurring prior to larval hatching or even 
during embryogenesis (Gimenez et al. 2004). For example, variation in egg size as well 
as the salinity experienced during embryogenesis were found to influence larval 
performance in various marine taxa (Moran and Emlet 2001, Charmantier et al. 2002, 
Gimenez 2002, Gimenez and Anger 2003, Marshall and Keough 2005). The egg is the 
least-studied life stage and is also the most susceptible to unfavorable abiotic factors such 
as high temperatures and low humidities (Sabelis 1985). There is little information on 
how environmental conditions imposed at this stage shape larval performance and adult 
fitness components (Stoks and Cordoba-Aguilar 2012). 
Mosquitoes have complex life cycles comprising morphologically distinct aquatic 
life stages (egg, larva, pupa) and the terrestrial adult life stage. The management and 
control of vector mosquitoes are mainly directed against larval or adult stages, with little 
focus on mosquito eggs despite the potential of being a relevant target of control 
(Beament 1989). Mosquitoes oviposit between 50 to 500 eggs at a time on or above the 
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surface of lentic water bodies, such as shallow pools, marshes, natural containers, such as 
rock pools, phytotelmata (water-filled cavity of terrestrial plants), and artificial containers 
like discarded tires, barrels, buckets, and cemetery vases (Clements 2000). Eggs are laid 
either singly (e.g., Anopheles, Aedes, Mansonia) or in rafts (e.g., Culex, Culiseta), and 
some species exhibit a behavior known as “skip-oviposition” (Mogi and Mokry 1980) in 
which females distribute a single batch of eggs (all matured eggs from one gonotrophic 
cycle) in a clutch (group of eggs deposited by one female at a single location) over 
multiple sites.  
The egg stage is important in mosquitoes because it is the stage at which some 
species typically wait out unfavorable climatic conditions (Sota and Mogi 1992). 
Environmental conditions that affect mosquito egg viability include temperature (Neven 
2000, Juliano et al. 2002) and desiccation (Sota and Mogi 1992; Bradshaw and Holzapfel 
1988). For instance, mosquito eggs are at constant high risk of desiccation due to their 
small size and large surface area-to-volume ratio (Dickerson 2007). During 
embryogenesis, eggs of Aedes sp. and Anopheles gambiae are known to abruptly acquire 
embryonic desiccation resistance (EDR) (Vargas et al. 2014) and this trait protects 
developing embryos from losing water, thereby enabling the eggs to survive under dry 
conditions (Goltsev et al. 2009, Rezende et al. 2008). The structure that confers EDR to 
mosquitoes is the serosal cuticle (SC), an extracellular matrix containing chitin (Goltsev 
et al. 2009, Rezende et al. 2008). Temperature also affects mosquito embryonic 
development time, and hence the timing of egg hatching (Clements 2000). The resulting 
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egg mortality from these effects seem to be amplified with an increase in time of 
exposure to the climatic conditions (Dickerson 2007). 
Under adverse conditions, eggs undergo diapause (Aedes species), a state of 
quiescence in which a pharate 1st instar larvae remains dormant within the egg shell 
(Clements 2000). Because egg viability varies considerably depending on physiological 
state (diapause, post-diapause, quiescence), temperature, relative humidity, and many 
other factors (Vinogradova 2007), some studies have shown that energetic costs of long-
term diapause and quiescence are reflected in lower post-hatching survival, reduced 
fecundity, and lower fitness (Hahn and Denlinger 2007, Perez and Noriega 2012). 
Moreover, little work has examined the energetic costs of egg viability and the fitness 
consequences to emergent larval and adult life stages (Perez and Noreiga 2012). An 
interesting question that remains underexplored is how and to what extent stressful 
environmental conditions imposed on the egg stage subsequently shape larval 
performance and adult fitness in mosquitoes.  
Desiccation tolerance has been considered an important factor of life history 
evolution and community organization in container mosquitoes, and it is a crucial 
ecological trait associated with invasion success (Juliano and Lounibos 2005), drought 
resistance (Juliano et al. 2002), and competitive outcomes (Juliano 2009). This work was 
designed to improve our understanding of the role of the egg stage experience on survival 
and longevity observed in larval and adult life stages.  
My research objective was to test the hypotheses that desiccation tolerance at the 
egg stage (1) contributes to egg viability and (2) is carried over to affect larval 
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performance in three container-inhabiting mosquitoes: Aedes aegypti, Ae. albopictus, and 
Ae. triseriatus. It was predicted that after mosquito eggs have been exposed to increasing 
relative humidities over varying amount of times, egg hatch rates would increase with 
relative humidity. To examine the presence of carry-over effects of egg desiccation 
tolerance, it was predicted that larval survival and population growth of mosquitoes 
would increase with increasing relative humidity at the egg stage. 
Materials and Methods 
Mosquito Rearing  
 Mosquito colonies used for experiments were established from larvae collected 
from a variety of aquatic habitats  (e.g., tires (Aedes albopictus), and tree holes (Aedes 
triseriatus)) across Hattiesburg, Mississippi, USA (31°21'01.1"N, 89°24'57.4"W) and in 
cemetery vases (Aedes aegypti) near New Orleans, Louisiana, USA (29°59'33.4"N, 
90°14'48.9"W). Larvae were identified using published keys by Darsie and Ward (2005) 
and reared to adults in the laboratory. Depending on density, larvae of all species were 
reared in plastic shoeboxes (42 x 28 cm) containing 2L of reverse osmosis (RO) water. 
All species were reared to adults on Purina® Puppy Chow® and brewer’s yeast (Acros 
Organics, Morris Plains, NJ, USA) on an 8-day schedule (see Gerberg et al. 1994) inside 
an environmental chamber (Percival Scientific, Inc., Perry, IA, USA) set to 27 °C on a 
14:10 hr day: night cycle (approximate photoperiod (www.fcc.gov) and mean 
temperature (www.weather.com) for June-August in Hattiesburg, MS). Pupae from field 
collected eggs and larvae were released into the separate colony cages made of 27 qt. 
Sterlite® latch boxes (41.9 x 33 x 31.1 cm) with a stocking sleeve for access. All cages 
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were kept in a colony room at around 25 °C on a 14:10 hr Light:Dark cycle with one hour 
each of dawn and twilight. Adult mosquitoes were provided with cotton pads soaked with 
10 % sugar solution for sustenance. Female mosquitoes from all species obtained blood 
meals for egg development, on an immobilized Japanese quail, Coturnix japonica, 
(Institutional Animal Care and Use Committee #11092207) 11 days post emergence. 
Engorged females were provided with 600 ml black plastic cups lined with a moist brown 
paper towel and filled with RO water to approximately 200 ml for oviposition. Paper 
towels containing oviposited eggs were collected, dried, and stored in an environmental 
chamber at 24 °C and approximately 85% relative humidity.   
Egg Viability Experiment 
Eggs of established F1 colonies of field-collected Aedes albopictus, Ae. aegypti, 
and Ae. triseriatus were used after about one week of storage to allow for full 
embryonation. Eggs were placed in open plastic petri dishes and divided into two 
categories: the first category contained five replicate batches of approximately 50 
individual eggs for each of Ae. albopictus, Ae. aegypti, and Ae. triseriatus, while the 
second category contained seven replicates of approximately 200 eggs for each of the 
three species. Both egg categories were housed within three environmental chambers 
(Percival VL, photoperiod 14:10 L:D), each, set at a temperature of 25 °C and one of 
three desiccation conditions of relative humidities (hereafter RH): 40% , 65% ,and 85% 
respectively. Eggs for the first category were stored separately for one, two, three, five, 
and eight weeks. After each storage period, eggs were removed from environmental 
chambers and simultaneously hatched by immersion in a solution of 0.33 g/750 ml RO 
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water Nutrient Broth (Difco™, Becton Dickenson Co., Sparks, MD, USA) in separate 
containers. The total numbers of hatched larvae per species were counted and recorded 
after approximately 48 hrs of immersion.  
Larval Performance Experiment 
Eggs from the second category were stored for approximately eight weeks, after 
which they were removed from environmental chambers and simultaneously hatched in 
nutrient broth as previously described. From the hatchlings, 50 individual larvae of each 
replicate per species were randomly selected and placed in each of ten replicate 250 ml 
tripour beakers (hereafter microcosms). All microcosms received 200 ml of RO water 
prior to mosquito larvae introduction. The microcosms were placed in a tray and then into 
an environmental chamber (25 °C; 14:10 day: night cycle). Trays were rotated daily in a 
clockwise manner to control for effects of location within the environmental chamber. 
Larvae were fed 1 ml suspension of 50:50 Lactalbumin-Brewer’s yeast prepared by 
stirring 1.5 g of L:B in 200 ml of RO water on a stir plate. Larvae were fed on the 1st day 
after hatching, the 4th day, and then every other day until pupation. Microcosms were 
inspected daily for pupae, which were removed when observed and transferred to 0.25 
dram glass shell vials. The dates of pupation and adult emergence were recorded, along 
with species and sex, for each newly eclosed adult after which all adults were freeze-
killed and dried for 48 hrs at 50 °C. Adult dry mass were measured to the nearest 0.0001 
g using a XP2U ultra-microbalance (Mettler-Toledo Inc., Columbus, OH, USA).  
 For each species, development time (mean time to eclosion) and adult body mass 
were used to estimate the finite rate of population increase (λ′), which is a composite 
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index of mosquito population performance. This measure was derived from an estimate 
of the per capita rate of population change (dN/Ndt = r) (Livdahl and Sugihara 1984). 
Values of λ′ have been used to quantify population level effects for Ae. albopictus, Ae 
aegypti, and Ae. triseriatus (e.g. Juliano 1998, Nannini and Juliano 1998, Daugherty et al. 
2000; Aliabadi and Juliano 2002, Lounibos et al. 2002). Population increase was 
estimated as: 
 
 
 
where N0 is the initial number of females (assumed to be 50% per microcosm), x is the 
mean number of days to eclosion; Ax is the mean number of females eclosing on day x, 
and wx is the mean female size on day x. The function f(wx) relates fecundity (i.e. number 
of eggs) to female mass and is different for each mosquito species. D is the number of 
days required for a newly eclosed female to mate, obtain a blood meal and oviposit 
assumed to be 12 and 14 days for Ae. aegypti and Ae. albopictus, respectively (Grill and 
Juliano, 1996), and 12 days for Ae. triseriatus (Livdahl and Willey 1991). The fecundity-
size relationships used were:  Ae. albopictus f(wx) = 19.5+152.7wx (Lounibos et al. 2002); 
Ae. aegypti, f(wx) = 17.11 + 16.59(wx)0.765 (Grill and Juliano 1996) and Ae. 
triseriatus f(wx) = ½ exp [4.5801 + 0.8926 (ln wx)] – 1 (Nannini and Juliano 1998) 
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 Survivorship (the percentage of initial larvae surviving to adulthood) was also 
calculated for each species in each replicate of each treatment. This experiment was 
allowed to run for 60 days after which mosquito larvae that had not pupated were counted 
as mortalities. 
Statistical Analyses 
 Before conducting statistical analyses for both experiments, the entire dataset was 
tested for assumptions of normality and homogeneity of variances. Data for all species 
were untransformed as they met these assumptions. For the egg viability experiment, a 2-
way analysis of variance (ANOVA) was used to test for differences in total egg hatch 
rates among populations of each species within each egg-stage relative humidity 
condition. Also, 2-way ANOVAs were used to test for the effects of species type and 
storage period on egg hatch rates for each relative humidity condition. For larval 
performance, differences in survival as well as estimated finite rate of increase (λ′) for 
populations of each species were assessed separately, using one-way ANOVAs with egg-
stage relative humidity as the independent variable. Tukey’s honestly significant 
difference (HSD) tests (Tukey 1991, Sokal and Rohlf 1995) were used to resolve all 
pairwise differences among means. All ANOVAs were conducted using JMP® Version 
10 (SAS Institute, Inc., Cary, NC, USA). 
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Results 
Egg Viability Experiment 
After eight weeks of egg storage, total hatch rates differed significantly among 
species (F2, 2 = 94.89; P < 0.001), among RH (F2, 2 = 63.36; P < 0.001), and their 
interaction (F4, 4 = 23.89; P < 0.001). Differences among species egg hatch rates were 
significant at 40% and 65% RHs, with Ae. aegypti having the highest hatch while Ae. 
triseriatus, the lowest within the two RHs. However, only the hatch rates of Ae. 
triseriatus were significantly different among RHs; lowest at 40% and highest at 85% 
respectively (Figure 2.1). 
 There were no significant effects of species type on egg hatch rate (F2, 2 = 2.92; P 
< 0.0612) or storage period (F2, 2 = 2.03; P < 0.1009) at 85% RH. However, there was a 
significant interaction (F8, 8 = 3.46; P < 0.0024) between both species type and storage 
period (Figure 2.2A). At the 65% RH, hatch rate differed significantly among species (F2, 
2 = 21.89; P < 0.001) and storage period (F4, 4 = 4.67; P < 0.001), with mean differences 
significantly greater after 5 and 8 weeks for Ae albopictus and Ae. triseriatus (Figure 
2.2B). At 40% RH there were significant differences in hatch rates among species (F2, 2 = 
215.06; P < 0.001), among storage period (F4, 4 = 8.02; P < 0.001) and their interaction 
(F8, 8 = 4.02; P < 0.0007). Mean hatch rate significantly decreased after 3 weeks of 
storage for Aedes albopictus and after the first week for Ae. triseriatus (Figure 2.2C). 
However, there were no differences in Ae. aegypti hatch rates among storage periods for 
the 3 relative humidities (Figure 2.2).          
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Larval Performance Experiment 
The finite rate of increase (λ′) differed significantly among species (F2, 2 = 55.61; 
P < 0.001), among RHs (F2, 2 = 4.01; P < 0.0238), and their interaction (F4, 4 = 4.7402; P 
< 0.0339) (Figure 2.3). Among species, Ae albopictus had significantly higher growth 
rate at 65% and 85% RHs, compared to Ae aegypti that had significantly lower 
population growth across all relative humidities (Figure 2.3). Among relative humidities, 
there was no significant difference in population growth for Ae. albopictus, although the 
65% RH resulted in the highest population growth for both Ae. albopictus and Ae. 
aegypti. Population growth could not be calculated for Ae. albopictus from 40% RH and 
for Ae. triseriatus from 40% and 65% RHs, as there were not enough hatched larvae from 
eggs at these RHs to set up the treatments and replicates (Figure 2.3). 
For survivorship, ANOVA indicated significant effects of species (F2, 2 = 44.9828; 
P < 0.001) and the interactions between species and RHs (F4, 4 = 16.0060; P = 0.0002) on 
larval survival. Among relative humidities, differences in survival were only observed in 
individuals from 85% RH, with Ae. triseriatus having significantly lower survival than 
those of Ae. albopictus and Ae. aegypti (Figure 2.4). In addition, Ae. albopictus from 65% 
RH had higher survival than Ae. aegypti (Figure 2.4). Within species, there was no 
significant difference in survivorship for Ae. albopictus individuals from 65% and 85% 
RHs. In Ae. aegypti, different relative humidity origins did not result in overall significant 
differences in larval survivorship as individuals from 40% RH who survived equally as 
well as those from 65% and 85%RHs.  
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Discussion 
There was evidence to support the hypothesis of egg desiccation tolerance effects 
on egg viability in three container-inhabiting mosquitoes. Results from the egg viability 
experiment supported the prediction that mosquito egg hatch rates would increase with 
increasing RH. Egg viability increased with RH for Aedes albopictus and Ae. triseriatus 
(Figure 2.1). Aedes aegypti was the most desiccation tolerant of the three species, having 
the highest total hatch rate which remained constant across all RH, while Ae. triseriatus 
was the least desiccation tolerant with the lowest hatch rates across the same range. 
Results are consistent with past research on the effects of humidity and egg desiccation 
tolerance in container mosquitoes, especially for Aedes aegypti and Ae. albopictus (Hien 
1975, Sota and Mogi 1992, Juliano et al. 2002).  
In past work, eggs of Ae. aegypti survived longer than those of Ae. albopictus 
under three different humidity conditions (42%, 68% and 88% RH) at 25°C (Sota and 
Mogi 1992). Likewise, Ae. albopictus experienced much higher mortality than Ae. 
aegypti at different humidity and temperature combinations (Juliano et al. 2002). In 
contrast, Hien (1975) found Ae. albopictus eggs to be more resistant to desiccation than 
those of Ae. aegypti, at low humidity (60 – 70% RH) at 25°C over a four-month period. 
This is the first study which compares egg desiccation tolerance of more than two 
container mosquitoes in the United States and shows that the invasive Aedes aegypti and 
Ae. albopictus were more desiccation tolerant than native Ae. triseriatus. Also, only the 
desiccation tolerance of Ae. aegypti eggs remained constant across RH conditions (Figure 
1). One suggestion for this observation is the variation in egg volume and the presence or 
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amount of serosal cuticle in container mosquito eggs. Sota and Mogi (1992) attributed 
Ae. aegypti superior desiccation tolerance to its egg volume, which is greater than Ae. 
albopictus, in addition to larger surface area and surface-area-to-volume ratio in 
comparison to Ae. albopictus (Dickersion 2007). Even with a greater cuticular surface 
liable to increased water loss and a higher susceptibility to desiccation, Ae. aegypti eggs 
were still more desiccation resistant. This suggests a role of another factor – the 
gelatinous egg pad on the side of the egg – in enhancing desiccation resistance by 
decreasing the direct contact of air to that portion of the egg cuticle and the subsequent 
water loss (Dickerson 2007). The serosal cuticle (SC) confers a very effective embryonic 
desiccation resistance (EDR) for Ae. aegypti eggs, enabling them to thrive under dry 
conditions for a longer period of time (Christophers 1960, Rezende et al. 2008). This trait 
is associated with significant ecological adaptations, such as the capacity to complete life 
cycle after extended drought periods (Christophers 1960) and could aid in range 
expansion (Brown et al. 2011). Depending upon the mosquito species, EDR bestows 
different levels of egg viability (Vargas et al. 2014). I did not measure serosal cuticle and 
egg volume for the mosquito eggs, however they could be responsible for container 
mosquito egg viability. However, future studies should test and fill gaps in knowledge 
still existing as to the extent of presence and contribution of SC and the EDR traits to egg 
viability and survival in other Aedes species and other mosquito genera (such 
as Culex and Anopheles), especially during dry conditions over long periods.  
The current study showed significant differences in species desiccation tolerance 
with storage period at decreasing RH. Hatch rates for all species were fairly constant 
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during the 8-week period at 85% relative humidity. At 65% however, hatch rate 
decreased significantly after 5 and 8 weeks for Ae albopictus and Ae. triseriatus; declines 
occurred sooner at 3 and 1 week(s) for Ae albopictus and Ae. triseriatus, respectively, at 
40% relative humidity. This evidence supports the prediction that when container 
mosquito eggs have been exposed to decreasing RH over varying amount of times egg 
hatch rates would decrease. The only exception was in Ae. aegypti, which exhibited little 
to no change in hatch rate and desiccation tolerance during the 8-week storage period 
across all RHs; this may be due to serosal cuticle and egg volume as has been discussed 
earlier. These findings suggest that the context dependent larval competition observed 
among container mosquitoes may be affected by the prevailing conditions of non-
competing life stages (Costanzo et al. 2005) such as the relative humidities in which eggs 
were stored and length of storage before hatch. I therefore conclude that in container 
communities, drier environmental conditions with low RH, low rainfall and hence longer 
egg storage period will favor more desiccation tolerant species: Ae. aegypti best, followed 
by Ae. albopictus, with Ae. triseriatus last. This may be one more reason why Ae. 
triseriatus has not been displaced in many areas and remains a dominant mosquito in 
forested habitats (Juliano and Lounibos 2005) and in tree-hole environments (Scholl and 
De Foliart 1977, Sinko and Grimstad 1977, Bradshaw and Holzapfel 1988) with high 
water-holding capacity (Edgerly et al. 1998) and subsequently more humid conditions 
compared to artificial containers like tires and cemetery vases, where Ae. albopictus and 
Ae. aegypti are most prevalent (Lounibos et al. 2001). 
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The second hypothesis examined the presence of carry-over effects of desiccation 
tolerance. Specifically, I predicted that population growth would increase with the 
exposure of eggs to higher RH. Based on the results from the larval performance 
experiment, I found no evidence to support my hypothesis of no difference in population 
growth for each of the three species because all species had increased population growth 
(λ′ > 1) as predicted across RHs. However, λ′ values did not vary significantly among 
RHs within species (Figure 2.3). There was a significant difference in λ′ values between 
Ae. albopictus and Ae. aegypti and these differences were apparent in higher egg-stage 
RH.  The more desiccation-tolerant Ae. aegypti had lower population growth than the less 
tolerant Ae. albopictus and Ae. triseriatus. Although λ′ value was only observed in larvae 
from Ae. triseriatus eggs stored at 85% relative humidity, the lack of results for 40% and 
65% relative humidities makes it impossible to draw conclusions on differences in 
population growth with egg-stage RH for this species. Overall, I can conclude that there 
were no carry-over effects of desiccation tolerance to larval growth and development in 
container mosquitoes, even though development rates in mosquito larvae have been 
shown to be influenced by habitat desiccation (Juliano and Stoffregen 1994; Schafer and 
Lundstrom 2006). I suggest that the only advantage conferred by egg desiccation 
tolerance is increased hatch rate and availability of more individual first instars to 
compete and interact with co-existing species for limited resources. This advantage may 
be offset by larvae of species with less desiccation tolerant eggs developing more rapidly 
in response to unfavorable conditions (Vitek and Livdahl 2009). My study also suggests 
that the lower population growth of Ae. aegypti compared to Ae. albopictus at different 
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RHs may actually be considered a trade-off; a fitness cost associated with higher egg 
desiccation tolerance of Ae. aegypti over Ae. albopictus. 
My survivorship data also showed similar trends as those observed in population 
growth. I did not find any carry-over effects of egg desiccation tolerance on larval 
survival in all three species.  In larvae from eggs at 85% relative humidity, there was no 
difference in survival between the more desiccation tolerant Ae. aegypti and the less 
tolerant Ae. albopictus, even though larval survival of both species was significantly 
higher than those of the least tolerant Ae. triseriatus (Figure 2.4). Moreover, Ae. aegypti 
larvae from eggs at 65% RH had a significantly lower survival than Ae. albopictus. With 
the exception of Ae. triseriatus, and for Ae. albopictus from 40% RH, there were no 
overall significant differences in larval survivorship within species across egg stage 
relative humidities. 
Insect eggs occupy a unique position at the intersection of developmental biology, 
physiology, ecology, and evolution (Wood 2010). They are more abundant than any other 
stage and serve as the most concrete measure of adult fitness. However, evolution of eggs 
has scarcely been studied, and the combination of biotic and abiotic factors determining 
egg success or failure are still poorly understood (Woods 2010). Moreover, embryos 
develop gradually during the egg stage, and variations in embryonic experience have an 
influence on phenotypic plasticity in later stages, especially the larval stage (Wood 2010). 
Studies have shown that in mosquitoes, environmental conditions experienced during the  
immature stages are carried over and reflect in lower post-hatching survival and reduced 
fecundity (Hahn and Denlinger 2007, 2011), vector capacity (Merritt et al. 1992), and 
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fitness and vector competence (Alto et al. 2008, Alto et al. 2012, Muturi et al. 
2011a and Telang et al. 2012). My study has shown that egg desiccation tolerance affects 
egg viability but is not carried over to positively affect larval performance in container 
mosquitoes. However, there is an indication that egg desiccation tolerance may have a 
negative carry-over effect resulting in a trade-off in larval performance, as observed in 
Ae. aegypti. Further studies on other environmental conditions affecting the mosquito egg 
stage and their carry over effects will better improve our ability to predict changes in 
mosquito populations, leading to an enhanced ability to control mosquito populations. 
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Figure 2.1. Mean ± standard error hatch rates in Aedes albopictus, Aedes aegypti, and 
Aedes triseriatus eggs stored for eight weeks at 40%, 65%, and 85% relative humidities. 
Means that share a letter are not significantly different. 
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Figure 2.2. Differences in mean ± standard error hatch rates in Aedes aegypti, Aedes 
albopictus, and Aedes triseriatus eggs stored for different lengths of time at relative 
humidities of (A) 85%, (B) 65%, and (C) 40%. 
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Figure 2.3. Mean ± standard error estimated population growth (λ) across relative 
humidities by Aedes aegypti, Aedes albopictus and Aedes triseriatus. Different lowercase 
letters indicate significant pairwise differences between relative humidities within 
species. 
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Figure 2.4. Mean ± standard error survivorship across 3 relative humidity conditions by 
Aedes aegypti, Aedes albopictus and Aedes triseriatus. Different lowercase letters 
indicate significant pairwise differences between relative humidities within species. 
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CHAPTER III 
INTERACTIONS BETWEEN ENVIRONMENTAL TEMPERATURES, LARVAL 
DEVELOPMENT AND ADULT PERFORMANCE IN AEDES ALBOPICTUS 
Introduction 
Most multicellular organisms have distinct life stages with variations in size, 
morphology, physiology, and other traits. Experiences from different seasonal 
environments, habitats, and microclimates often result in these life stages developing 
different physiological sensitivities and responses thereby leading to differential 
contribution to overall lifetime fitness (Kingsolver et al. 2011). For example, increasing 
temperatures due to climate change would likely have deleterious consequences for 
tropical insects relatively sensitive to temperature change and currently living very close 
to their optimal temperature (Deutsch et al. 2008). Conversely, climate change may even 
enhance the fitness of temperate species living in climates below their physiological 
optima and with broader thermal tolerances (Deutsch et al. 2008). There is growing 
evidence that life stages may be interdependent and affect each other across 
metamorphosis, such that individual characteristics and responses to environmental 
conditions in one life stage can influence their characteristics and responses in subsequent 
life stages (Green and McCormick 2005;  McCormick & Gagliano 2008) and beyond the 
current generation (Green and McCormick 2005).  
Temperature is regarded as one of the most important abiotic environmental 
factors affecting biological processes and physiological functions in ectotherms, 
including locomotion, growth, and reproduction. For example, individuals reared at 
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higher temperatures may develop more rapidly, but these adults tend to be smaller 
(Kingsolver and Huey 2008) with reduced fitness as size is positively related to fecundity 
(Steinwascher 1982, Day et al. 1990). In mosquitoes, temperature is especially important 
in determining life-history characteristics. However, many investigations of temperature 
effects on mosquitoes have focused on only parts of their life cycle. Temperature has 
been shown to affect mosquito egg viability (Parker 1986), larval development (Rueda et 
al. 1990), blood-feeding behavior (Crans et al. 1996), female fecundity (Hurlbut 1973), 
adult longevity (Day et al. 1990), and interactions with parasites and arboviruses 
(Adelman et al. 2013, Mordecai et al. 2013). Despite the plethora of information relating 
temperature to mosquito biology, relatively few studies have evaluated the net effect of 
both mean and diurnal fluctuations in temperature on multiple traits and their carry-over 
effects across mosquito life history stages.  
Environmental conditions experienced during larval development have become 
increasingly recognized to have an important influence on adult mosquito life history 
traits (Moller-Jacobs et al. 2014) and variations in quality of larval habitats could be 
carried over to impact adult life history. For example, lower temperature and higher 
resource availability are often positively correlated with body size and larger individuals 
often exhibit increased probability of survival, fecundity, and overall fitness (Sibly and 
Atkinson 1994, Kingslover and Huey 2008). The larval environment has also been 
demonstrated to shape mosquito vector competence by significantly affecting 
susceptibility to arboviruses (Alto et al. 2005, Telang et al. 2012) and parasites (Moller-
Jacobs et al. 2014). However, studies that have examined the carry-over effects of 
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conditions in the larval habitat on adult longevity, fecundity or vector competence have 
largely focused on effects of resource availability or sub-lethal insecticide exposure 
(Hawley 1985, Reiskind and Lounibos 2009, Muturi et al 2012). 
The life stages of mosquitoes and other insects with complete metamorphosis 
occupy different habitats, and shifts in microclimate experiences after transition between 
the immature and adult stages may be naturally common. As a result, temperatures acting 
on immature stages in aquatic habitats can interact with diel temperatures in terrestrial 
habitats of adult stages to affect adult phenotype (Alto and Bettinardi 2013). Studies on 
carry-over effects of larval rearing temperature on adult characteristics have focused 
mainly on changes in vector competence (Kay et al. 1989, Brubaker and Turell 1998). 
However, only recently have studies begun to investigate the collective effects of 
temperatures experienced during larval and adult stages (Alto and Bettinardi 2013, 
Christiansen-Jucht et al. 2014, Westby and Juliano 2015). 
This study investigated the effects of habitat temperatures on performance of 
larval and adult stages in the container-dwelling mosquito Aedes albopictus (Skuse). 
Aedes albopictus is an invasive species native to Southeast Asia and is capable of 
transmitting numerous arthropod-borne viruses. Since its introduction to the United 
States, the distribution and geographic range of Ae. albopictus have greatly expanded 
(Nawrocki and Hawley 1987) mainly due to its competitive superiority over co-existing 
species and the important role temperature plays in its population dynamics and range 
expansion (Alto and Juliano 2001). I designed two experiments to examine the effects of 
temperatures at larval and adult habitats on intraspecific larval competition and adult 
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performance (fecundity and survival). The first experiment tested the hypothesis that the 
temperature experienced during larval development alters the intensity of density-
dependent intraspecific larval competition. Based on current knowledge, I predicted that 
there would be an interaction between larval density and temperature at larval 
development such that development times, survival, and emerging adult body mass 
decreased with increasing temperatures and densities. The second experiment tested the 
hypothesis that adult performance varied with both the larval habitat temperature and 
adult habitat temperature. The prediction here was that adult female fecundity and 
survival will be the highest when larval and adult temperatures were similar. 
Materials and Methods 
Experiment One: Temperature and Intraspecific Larval Competition  
Eggs of Aedes albopictus were obtained from batches of F1 eggs produced by 
field mosquitoes colonies collected in and around Hattiesburg, MS. Eggs were hatched 
synchronously in a solution of 0.33 g of Nutrient Broth (DifcoTM, BD, Sparks, MD, 
USA) and 750 ml of reverse-osmosis (RO) water following which all first-instar larvae 
were rinsed after hatching to remove nutrient broth. After 24 hrs, hatched 1st instar larvae 
were randomly selected and placed in microcosms of 250 ml tripour plastic beakers 
containing 200 ml of RO water. Larvae were reared at three densities: 10, 20, and 40 
individuals. Microcosms were placed into trays with 20 microcosms per tray, and all 
trays were placed into 3 different environmental chambers (Percival I-35VL, Boone, IA) 
with 12:12 day: night cycle. Here, 3 different temperatures were used: 20, 27, and 34 °C, 
representing low, medium, and high rearing temperatures required for mosquito 
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performance (Christiansen-Jucht et al. 2014). Rearing temperature (3) and density (3) 
were crossed and replicated ten times for a total of 90 experimental units. Trays were 
rotated daily to control for effects of location within the environmental chambers. The 
food source for mosquito larvae consisted of 0.05 g of 50:50 Lactalbumin-Brewer’s yeast 
for the first week after which 0.02 g were added every other week until pupation. 
Microcosms were inspected daily for pupae that were removed when observed 
and transferred to 0.25 dram glass shell vials. The date of pupation, date of emergence, 
species, and sex were recorded for each newly eclosed adult after which all adults were 
freeze-killed and dried for 48 hours at 50 °C. Adult dry mass was measured to the nearest 
0.0001 g using a XP2U ultra-microbalance (Mettler-Toledo Inc., Columbus, OH, USA). 
Survivorship (the percentage of initial larvae surviving to adulthood) was calculated for 
each species in each replicate of each treatment combination. This experiment ran for 60 
days after which mosquito larvae that had not pupated and pupae that did not eclose were 
counted as mortalities.  
Experiment Two: Adult Performance with Larval and Adult Habitat Temperatures 
 Similar egg hatch and larval rearing procedures from the experiment described 
above on temperature and larval competition were used for this experiment but with the 
following changes: (1) only one larval density (20 individuals) was used, (2) each of the 
three rearing temperatures were replicated 12 times for a total of 36 experimental units, 
and (3) emerging adults were not freeze-killed but kept alive for fecundity and survival 
assessments. 
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 After emergence, adults from each larval temperature (hereafter, source 
temperature) were introduced into adult holding cages and placed in each of the three 
environmental chambers. The temperatures in these chambers (i.e., 20, 27, and 34 ºC) 
served as adult holding temperatures (see Figure 3.1). This arrangement allowed the 
distinction between the effects of larval rearing and adult holding temperatures on female 
fecundity and adult survival. Each chamber had 3 cages with 40 mosquitoes (20 males 
and 20 females) from each source temperature. The adults were provided with 10% sugar 
solution and held for ten days to allow for sufficient interaction time for mating as well as 
minimize any age dependent effects on mating.  
For the fecundity assessment, female mosquitoes were blood fed on an 
immobilized Japanese quail Coturnix japonica (IACUC 11092207) on the 11th day. 
Afterwards, females were allowed one week to complete egg maturation after which time 
ten individuals were randomly selected from each cage and placed individually in 
oviposition sites made up of 600 ml black plastic cups containing 200 ml of gravid water 
(from tire inoculum), lined with paper towel to serve as an oviposition substrate and 
covered with a no-see-um mesh. Each cup was provided with cotton pads soaked in 10% 
sugar solution for adult female sustenance. After 5 days, females were removed from 
oviposition cups, freeze-killed, and dried for 48 hours at 50ºC, after which their dry 
weights were measured using the XP2U ultra-microbalance (Mettler Toledo Inc., 
Columbus, Ohio). Eggs laid per cup were removed, counted, and subsequently hatched 
simultaneously using the procedure previously described. 
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For adult survival assessment, 20 females from each of the 3 cages for each 
source temperatures were selected to be held under two conditions in the same 
environmental chamber. For each condition (starved, fed), 10 females were placed 
together in individual cages and provided with soaked cotton pads. In the starved 
condition, adults received cotton pads soaked with RO water for sustenance whereas for 
the fed condition mosquitoes pads soaked in 10% sugar solution. All cage positions were 
rotated in a clockwise fashion within the environmental chambers every 24 hrs to control 
for effects of location within the chamber. Cages were also inspected every two days for 
adult survival. Dead adults were removed when observed, identified to sex, and recorded. 
This experiment was allowed to run for 140 days to allow ample time for mosquito 
survival across the three adult temperatures. 
Statistical Analyses 
Before conducting statistical analyses for both experiments, I tested the entire 
dataset for statistical assumptions of normality and homogeneity of variances. 
Development time, adult mass, and adult survivorship data met assumptions. However, 
larval survival and female fecundity (number of eggs laid) were transformed using 
Arcsine square root transformation and square root+1 transformation, respectively, to 
meet assumptions. I used multivariate analysis of variance (MANOVA) to test the effects 
of larval rearing temperature, density ratios, and their interaction on development time 
and emerging adult dry mass. Standardized canonical coefficients (SCC) were also used 
to indicate the important variables accounting for observed multivariate effects as well as 
their relationship to each other - e.g., positive or negative (Scheiner 2001). I also used 
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analysis of variance (ANOVA) to test the effects of larval rearing temperature, density 
ratios, and their interaction on larval survival. Differences in survival among temperature 
and density interactions were identified using the Tukey-Kramer HSD post-hoc test for 
multiple comparisons (Tukey 1991). For adult performance with larval and adult 
environmental temperature variations, I used analysis of covariance (ANCOVA) with 
female mass as the covariate to test the null hypothesis that female fecundity is highest 
when larval and adult temperatures are the same. Differences in survival among 
temperature interaction were identified using the Tukey-Kramer HSD post-hoc test for 
multiple comparisons (Tukey 1991). I also used the Kaplan-Meier Survival Analysis and 
Mantel-Cox Log-Rank tests to test the null hypothesis of no change in survival across 
adult environmental temperatures for individuals from different larval environmental 
temperatures. 
Results 
Experiment One: Temperature and Larval Competition  
There were significant effects of temperature, larval density, and their interaction 
on competitive outcomes (development time and adult mass) for male and female Aedes 
albopictus. Standardized canonical coefficients (SSC) indicated that adult mass and 
development time for males contributed more to the significant MANOVA effect 
compared to mass and development time for females (Table 3.1). Mass for both males 
and females decreased with increasing density, and was lowest at all temperatures under 
high density combinations (20 40; 27 40; 34 40) and highest at all temperatures under 
low density combinations (20 10; 27 10; 34 10). Increasing the larval temperature from 
33 
 
 
 
20 °C to 27 °C resulted in no difference in male and female mass. However, the increase 
from 27 °C to 34 °C produced a significant reduction in adult mass for males and females 
(Figure 3.2).  
Development time for males and females increased with decreasing temperatures, 
and was significantly longer at 20 °C compared to 27 °C and 34 °C. There were no 
significant differences in male development time with larval density at 20 °C and 27 °C. 
However at 34 °C, an increase in larval density from 20 to 40 individuals resulted in a 
significant increase in male development time. Similarly, an increase in larval density 
from 20 to 40 individuals resulted in a significant increase in female development time 
across all larval temperatures (Figure 3.2). 
For larval survival, there were no effects of temperature (F2, 2 = 1.444; P = 
0.2421), larval density (F2, 2 = 0.584; P = 0.5601) or their interaction (F4, 4 = 1.532; P = 
0.2006). 
Experiment Two: Adult Performance with Larval and Adult Environmental Temperatures 
The number of eggs laid differed significantly with adult temperature (F1, 1 = 
13.6113; P = 0.0005), among larval temperature (F2, 2 = 22.8228; P < 0.001), and their 
interaction (F2, 2 = 3.6110; P = 0.0337) (Figure 3.3). At the adult temperature of 20 °C, no 
eggs were oviposited by females from any larval temperature. At 27 °C, there was no 
significant difference in numbers of eggs oviposited by females from any larval 
temperatures. However, at 34 °C, female fecundity significantly decreased with 
increasing larval temperature; females from low larval temperatures laid the highest 
number of eggs whereas those from high larval temperatures had the lowest. (Figure 3.3). 
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Results from the Kaplan Meier survival analysis (Table 3.2) showed that at 20 °C 
adult temperature, the overall influence of larval temperatures was significant for starved 
males (P = 0.0461) (Figure 3.4A), starved females (P = 0.0054) (Figure 3.5A), fed males 
(P < 0.0001) (Figure 3.4A) (Figure 3.5A) and fed females (P = 0.0008) (Figure 3.6A). 
Specifically, at 20 °C adults from the larval temperature 20 °C survived longer than those 
from 27 °C and 34 °C, irrespective of their starved or fed condition. The overall effect of 
larval temperature on adult survival at 27 °C was significant only in starved females (P = 
0.0274) (Figure 3.5B) and fed females (P = 0.0341) (Figure 3.7A). Just like in the adult 
temperature of 20 °C, adults from the larval temperature 20 °C survived longer than those 
from either 27 °C or 34 °C. At 34 °C, the overall effect of larval temperature on adult 
survival was only significant in starved males (P = 0.0302). In this case, however, adults 
from the 34 °C larval temperature survived longer than those from 20 °C and 27 °C 
(Figure 3.4C). 
Discussion 
The results of the temperature and larval intraspecific competition experiment 
supported my hypothesis that larval environmental temperature alters the intensity of 
density-dependent intraspecific larval competition in Aedes albopictus. As predicted, 
there was an interaction between larval density and larval temperature such that 
development time and emerging adult body mass decreased with increasing temperatures 
and densities. Specifically, adult mass decreased with increasing density and temperature 
combinations for both males and females. Mosquitoes had their lowest body mass at 34 
°C with 40 individuals and the highest mass at 20 °C with 10 individuals (Figure 3.2). 
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Density alone also affected body mass and higher densities produced smaller males and 
females. These findings are in line with results from other studies that consider density-
dependent competition for food during larval stages as one of the most important factors 
affecting mosquito population dynamics (Moore and Fisher 1959; Welsh et al. 2011; 
Gilles et al, 2011). Increase in temperature from 20 °C to 27 °C resulted in no significant 
change in body mass, although body mass decreased with increase in temperature from 
27 °C to 34 °C. In other words, density-dependent competition and larval temperature 
could play an important role in shaping the overall mass of adult populations in 
mosquitoes and other invertebrates with complex life histories. 
 Development time to adulthood increased with decreasing temperatures for both 
males and females. Development time was generally shorter for males than females, most 
likely due to trade-off associated lower nutritional thresholds for males of most mosquito 
species. Shorter development time in males may also result from “Protandry” (Kleckner 
et al. 1995), a form of sexual selection for better mating opportunities whereby males 
sacrifice mass to develop faster for access to virgin females taking longer to develop to 
increase their mass and life-time fecundity (Yee et al. 2012). Because larvae took longer 
to develop at cooler temperatures, larger adults were produced, and at the lowest 
temperature, there were wider differences in development time than at intermediate and 
higher temperatures. These results lend support to findings that suggest that increased 
temperature is generally associated with shorter development time and smaller adults in 
ectotherms (Atkinson 1995; Ragland and Kingsolver 2008) and also in a wide array of 
mosquito species (Heuvel 1963; Brust 1967; Rueda et al. 1990; Lyimo et al. 1992; 
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Briegel and Timmermann 2001; Westbrook et al. 2010). Taken together, these results 
point to the conclusion that in addition to other measures of larval performance in 
mosquito life history, the size of emerging adults and the larval development time can be 
influenced by density-dependent competition and temperature experiences during larval 
development. 
My study showed no effects of temperature and larval density on survivorship to 
adulthood. Because there was some evidence that temperature and density may interact to 
influence larval survival in mosquitoes (Lyimo et al, 1992; Delatte et al, 2009), I 
expected decreased survivorship under hotter, denser situations. However, unlike their 
effects on development time and mass, temperature and density had no effect on larval 
survival in Ae. albopictus. This lack of effect was not too surprising given that other 
studies have equally identified no differences in survivorship across similar larval 
temperature ranges (Westbrook et al. 2010; Muturi et al. 2011b) and densities (Yoshioka 
et al. 2012). One possible reason for this is that the temperature and density combinations 
considered in this study as well as in others did not span a wide enough gradient to 
impose substantial stress that induced higher mortality in Ae. albopictus, even though 
they may have been significant enough to alter Ae. albopictus metabolic rates and hence 
development time and adult mass.  
Based on the premise of acclimation and carry-over effects of fitness advantage 
across life stages, I expected fecundity to be greatest when larval and adult temperatures 
were similar. On the contrary, I found this to be true only at temperature of 27 °C. At the 
adult temperature of 20 °C, no eggs were laid by females from all larval temperatures. 
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One possible explanation for this is the diapause mechanism in adults may have 
prevented or delayed egg deposition. It is equally possible that the females exposed to 
this temperature were unmated and so could not mature eggs; I did not physically observe 
all females copulate nor did I dissect ovaries to confirm insemination and egg 
development in the blood fed females. Moreover, because all females were only allowed 
5 days to oviposit following one week egg maturation period, those at 20 °C may have 
been less active and delaying oviposition such that there was not enough time elapsed for 
females to oviposit if they were mated and developed eggs. Future experiments could 
look into extending period of exposure thereby allowing individual females ample time to 
lay eggs, and subsequently dissecting them to determine stages of egg development. 
Another possibility that may require future examination is the extent to which male 
fertility may have been negatively impacted by low temperatures (Carrington et al. 2013). 
At 27 °C, there was no significant difference in number of eggs oviposited by 
females based on any of the three larval temperatures. It is specifically at this temperature 
that females from each larval environmental temperature oviposited the highest number 
of eggs. Based on this, I can conclude that 27 °C is close to the optimum temperature 
required for Ae. albopictus intrinsic rate of growth (r) which lies between 25 °C and 30 
°C (Delatte et al. 2009). However, at 34 °C, the number of eggs oviposited by females 
differed from all the three larval temperatures. Mosquitoes from the 34 °C larval 
temperature laid significantly fewer eggs than those from 27 °C. Females from 20 °C laid 
more eggs, but this was not significantly different from those laid by females from 27 °C. 
The disparity in fecundity at higher temperatures could be as a result of a fitness 
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advantage or trade-off associated with development at the larval temperatures. Fecundity-
size relationships suggest that females from lower larval temperatures would be larger 
and more fecund while those from higher larval temperatures would be smaller and less 
fecund (Sibly and Atkinson 1994). It seems likely that the effect of larval temperature 
could be carried over through female size to affect fecundity. In this study, however, I 
controlled for effect of female body size on the number of eggs to test for carry-over 
effects of larval temperature alone on female fecundity at adult temperatures. Based on 
my results, I can conclude that higher larval-adult temperatures lead to greater differences 
in female fecundity. The implication is that in the absence of differences in body size, 
other factors such as development time, rate of metabolic and foraging activity, and 
resource allocation could be contributing factors to the observed trend under the high 
adult temperature. Moreover, higher temperatures could be detrimental for mosquito 
reproduction and may result in activation of heat-shock proteins (Feder 1999; Rinehart et 
al. 2006) that may enhance thermo-tolerance and reduce protein denaturation.  
In my experiment on adult performance with larval and adult temperatures, I 
hypothesized that adult performance would vary with interactions between larval habitat 
temperature and adult habitat temperature, and I predicted that survival would be highest 
when larval and adult temperatures were similar. Results from this experiment showed 
that under cooler temperatures, adult males and females had higher survival relative to 
warmer temperatures regardless of the temperature of the immature stages (20°C > 27°C 
> 34°C) and adult condition (starved or fed). This was the same outcome as in a similar 
study by Alto and Betinardi (2013). They suggested the possibility of no buffering effect 
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of cool larval temperature against the deleterious effects of warm conditions of the adults, 
and that adult survival may not be influenced by temperature experienced during the 
larval stage. Because larval temperature has been shown to influence the phenotypic traits 
of adults, such as reproduction (Briegel and immermann 2001) and susceptibility to 
infection (Westbrook et al. 2010), it is possible that longer development times associated 
with low larval temperatures facilitate the production of large-sized adults because of 
greater nutrient uptake and energy reserves at adult emergence (Briegel and Timmermann 
2001). This likelihood was made in the case of female fecundity in this study and perhaps 
can be extended to the survival of adults. Unlike Alto and Betinardi (2013), my earlier 
experiment on temperature and larval competition experiment produced bigger adults 
from lower temperatures. This is an evidence of larval temperature effects on adult mass 
and with it, I can conclude that low temperatures during the immature stages affects adult 
survival by producing adults with increased size. These adults could potentially have 
acquired high teneral reserves and higher probability of adult survival (Hawley 1985; 
Nasci 1986).  
Mosquitoes, being poikilothermic organisms, are susceptible to external 
temperature variations that directly influence their body temperature (Hawley 1988). This 
study was designed as a general test of the effects of drastic temperature shifts acting on 
the immature and adult stages consequences on life-history performance. My results 
clearly showed that larval and adult temperatures interact to affect female fecundity in 
Ae. albopictus. This is the first study to investigate the effects of these temperatures and 
their interactions, on female fecundity in Aedes albopictus. My experimental design did 
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not take into account temperature fluctuations and daily temperature ranges, factors that 
are known to influence disease transmission and are important in predictive models and 
control efforts (Paaijmans et al. 2010; Lambrechts et al. 2011). In nature, immature 
mosquitoes are subject to daily fluctuations in water temperature during development and 
adults experience similar changes in air temperature. Future studies could benefit from 
examining the effects of diel temperature fluctuations on mosquito life-history and 
performance as previous studies have demonstrated that fluctuating diel temperatures are 
a better measure of performance than constant temperatures (Bradshaw 1980, Murdock et 
al. 2012a, Murdock et al. 2012b, Murdock et al. 2013). This study has further highlighted 
the importance of temperature on mosquito ecology and the influence of the 
environmental temperatures experienced by larval and adult stages in shaping 
phenotypes, interactions, and performance of life history stages in mosquitoes and other 
organisms with complex life cycles.
     
 
 
 
4
1
 
Table 3.1  
Multivariate ANOVA for main effects and multivariate pairwise contrasts of temperature and larval density effects on male and 
female Aedes albopictus development time and adult mass. Significant contributors to multivariate effects are shown in bold 
type. 
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Table 3.2  
Log rank test results on the effect of larval environmental temperatures on the survival of starved and fed adult Aedes 
albopictus, at three adult environmental temperatures. Significance among survival curves are shown in bold type. 
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Figure 3.1. Experimental design. Larvae reared at three temperature (21°C, 27°C, 34°C) 
were allowed to develop and emerging adults were kept at the same temperature at which 
they were reared as juveniles, or placed at one of the other two temperatures. 
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Figure 3.2.  Bi-plots of means (± standard error) for mass and development times for 
male and female Aedes albopictus reared across different environmental temperature and 
larval density combinations.   
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Figure 3.3. Mean (± standard error) fecundity of female Ae. albopictus across three adult 
temperatures reared from the same temperatures at their larval stage. Different lowercase 
letters indicate significant pairwise differences between fecundity within adult 
environmental temperature. 
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Figure 3.4. Kaplan-Meier survival plots of starved Aedes albopictus males at three 
temperatures after rearing as larvae at the same three temperatures. (3.4A). Survival 
curves at 20 °C adult temperature for males from larval rearing temperature 20°C (blue); 
27°C (green); 34°C (red). (3.4B) survival curves at 27 °C adult temperature for males 
from larval temperature 20°C (blue); 27°C (green); 34°C (red). (3.4C). Survival curves at 
34 °C adult temperature for males from larval rearing temperature 20°C (blue); 27°C 
(green); 34°C (red). 
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Figure 3.5. Kaplan-Meier survival plots of starved Aedes albopictus females at three 
temperatures after rearing as larvae at the same three temperatures. (3.5A). Survival 
curves at 20 °C adult temperature for individuals from larval rearing temperature 20°C 
(blue); 27°C (green); 34°C (red). (3.5B) survival curves at 27 °C adult temperature for 
females from larval temperature 20°C (blue); 27°C (green); 34°C (red). (3.5C). Survival 
curves at 34 °C adult temperature for individuals from larval rearing temperature 20°C 
(blue); 27°C (green); 34°C (red). 
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Figure 3.6. Kaplan-Meier survival plots of Aedes albopictus males fed 10% sugar 
solution at three temperatures after rearing as larvae at the same three temperatures. 
(3.6A). Survival curves at 20 °C adult temperature for males from larval rearing 
temperature 20°C (blue); 27°C (green); 34°C (red). (3.6B) survival curves at 27 °C adult 
temperature for males from larval temperature 20°C (blue); 27°C (green); 34°C (red). 
(3.6C). Survival curves at 34 °C adult temperature for males from larval rearing 
temperature 20°C (blue); 27°C (green); 34°C (red). 
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Figure 3.7. Kaplan-Meier survival plots of Aedes albopictus females fed 10% sugar 
solution at three temperatures after rearing as larvae at the same three temperatures. 
(3.7A). Survival curves at 20 °C adult temperature for females from larval rearing 
temperature 20°C (blue); 27°C (green); 34°C (red). (3.7B) survival curves at 27 °C adult 
temperature for males from larval temperature 20°C (blue); 27°C (green); 34°C (red). 
(3.7C). Survival curves at 34 °C adult temperature for males from larval rearing 
temperature 20°C (blue); 27°C (green); 34°C (red). 
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CHAPTER IV 
INFLUENCE OF NATAL HABITATS ON OVIPOSTION PREFERENCE AND 
LARVAL PERFORMANCE IN CONTAINER-INHABITING MOSQUITOES 
Introduction 
For organisms with complex life histories, factors that can influence development 
can extend across life cycle stages, and the interactions between genetic and 
environmental differences in the maternal generation can be expressed as phenotypic 
differences in the offspring (Mousseau and Dingle 1991). These influences often are 
referred to as “maternal effects” and play a fundamental role in a variety of ecological 
and evolutionary processes, such as phenotypic plasticity, population dynamics, niche 
construction and differentiation, life-history evolution, and the evolutionary response to 
selection (Bernardo 1996a, Mousseau and Fox 1998, Wolfe and Wade 2009). For 
example, maternal size (Marshall et al. 2003) and maternal age (Benton et al. 2008) have 
been predicted to have a strong effect on offspring phenotype through selection on 
maternal investment strategies. Furthermore, maternal effects have been shown to alter 
offspring performance in response to abrupt changes in environmental conditions 
(Mousseau and Fox 1998, Marshall and Uller 2007, Coslovsky and Richner 2011).  
The environmental experience of the offspring is the principal factor determining 
offspring performance (Marshall and Keough 2008). A variety of environmental factors 
affect offspring performance, including intra- and interspecific competition, abiotic 
stress, predation, and food availability (Marshall and Keough 2008). Because of variation 
of these parameters among potential larval habitats, oviposition preference of adults has 
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important implications on the performance of their offspring. This leads to the 
oviposition preference–offspring performance (P-P) hypothesis (also known as the naive 
adaptionist hypothesis or the mother-knows-best hypothesis), which states that 
ovipositing females maximize their fitness by choosing habitats in which their offspring 
perform best (Thompson 1988, Valladares and Lawton 1991, Ellis 2008). This 
hypothesis, mostly tested and supported in phytophagous species (Gripenberg et al. 
2010), assumes that females can assess and respond to the quality of potential oviposition 
sites. This ability indicates the potential for the existence of preference in oviposition 
choice (Fonseca et al. 2015). 
In mosquitoes, females use sensory cues to evaluate the quality and suitability of 
oviposition habitats (Thorsteinson 1960, Wallis 1954) and deposit eggs in response to 
specific stimuli (Strickman 1980, Bentley and Day 1989, Ponnusamy et al. 2008). Factors 
that affect oviposition behavior of mosquitoes include, but are not limited to, specific 
detritus types or chemicals (Allan et al. 2005, Reiskind et al. 2009), salinity (Roberts 
1996), water color (Ikeshoji 1975), presence of conspecific or congeneric eggs (Allan and 
Kline 1998),  presence of conspecific or congeneric larvae (Allan and Kline 1995, 1998, 
Clements 1999, Allan et al. 2005), habitat structure (Subra 1981), container type 
(Chambers et al. 1986), container opening size (Chambers et al. 1986), and predator 
presence (Blaustein et al. 2004). Although it is clear that certain conditions are important 
to female mosquito oviposition behavior, relatively few studies have simultaneously 
made direct quantitative comparisons between mosquito oviposition response and larval 
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performance under a given set of conditions (Edgerly et al. 1998, Ellis 2008, Reiskind et 
al. 2009). 
Oviposition responses of a female mosquito can be influenced by the 
characteristics of her rearing environment. These characteristics, which can be classified 
as carry-over effects from past environments, can sometimes result from developmental 
trade-offs based on past environmental conditions (Boonstra et al. 1998, Vonesh and 
Bolker 2005, Hagman et al. 2009). For example, differences in traits such as physiology 
and dispersal behavior of later life stages can be a result of predation risk or stress at an 
earlier time, stage, or habitat (Stamper et al. 2008, Stamps et al. 2009). The 
environmental influence during juvenile and early-adult stages on oviposition preference 
in adults is referred to as natal habitat preference induction (NHPI) (Davis and Stamps 
2004) and this influence is almost always positive (Davis 2008). Most of the previous 
studies of NHPI in insects have been restricted to herbivorous groups (Barron 2001) with 
little emphasis on holometabolous insects such as container mosquitoes. However, a few 
studies have examined NHPI with the mosquitoes: Aedes albopictus (Reiskind and 
Zarrabi 2013), Ae. aegypti (Kaur et al. 2003, Hamilton et al. 2011) and Culex 
quinquefasciatus (McCall and Eaton 2001, McCall and Kelly 2002). With the exception 
of Reiskind and Zarrabi (2013), these previous studies demonstrated NHPI for 
mosquitoes by an increase in relative attraction to an otherwise repellent, artificial 
chemical. On the other hand, Reiskind and Zarrabi (2013) showed no evidence for NHPI 
in Ae. albopictus females from natal habitats of different leaf species. Moreover, their 
findings further lend support to the P-P hypothesis through the canalized behavior of 
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females spreading eggs between high- and low-quality sites irrespective of natal habitat 
experience.  
The previous studies of NHPI and P-P in mosquitoes have been single-species 
studies, however a multi-species approach would improve our understanding of NHPI 
and P-P hypothesis. This study was designed to connect both natal habitat preference 
induction and the preference–performance hypothesis by testing the hypotheses that natal 
environment (1) affects oviposition preference and (2) is carried over to affect larval 
performance in three container dwelling mosquitoes, Aedes albopictus, Aedes aegypti, 
and Culex quinquefasciatus. It was predicted that during oviposition, females will show 
natal habitat preference induction by preferentially ovipositing in containers with 
infusions from their natal habitats. To examine the presence of carry-over effects of natal 
habitat preference on larval performance, it was predicted that larval survival and 
population growth of mosquitoes would reflect the quality of infusions chosen by 
females; high in high-quality infusion and low in low-quality infusion. 
Materials and Methods 
Mosquito Rearing 
 I used second generation (F2) eggs of Aedes albopictus, Aedes aegypti, and Culex 
quinquefasciatus maintained in colonies at the University of Southern Mississippi 
(USM). Eggs were hatched in a solution containing 0.33 g of Nutrient Broth (DifcoTM, 
BD, Sparks, MD, USA) and 750 ml of reverse-osmosis (RO) water. First-instar larvae 
were rinsed after hatching to remove nutrient broth. Microcosms were set up as 19 x 14 x 
5 inch plastic trays filled with 8.0 L of RO water and 20 mL of homogenized 
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microorganism inoculum collected from field tires at the USM Lake Thoreau 
Environmental Center (hereafter, LTEC), located about five miles west of the USM 
campus in Hattiesburg, Mississippi (31°20'56.5"N 89°25'05.2"W). Mosquito larvae were 
supplied animal (freeze-dried crickets (Acheta domestica)) [Fluker Laboratories, Baton 
Rouge, LA] and leaf (dry senescent red maple (Acer rubrum) collected at LTEC and 
oven-dried at 50 ºC for 48 hrs) detritus at three different ratios, expressed in relative 
terms: 2:0, 2:10, and 0:10 animal:leaf (1 unit of detritus equals 4 g). Before the addition 
of mosquito larvae, detritus was introduced into trays and stored in an environmental 
chamber (Percival Scientific, Inc., Perry, IA, USA) set to 27 ºC on a 12 hr: 12 hr 
light:dark cycle, for three days to allow ample time for microorganism establishment and 
propagation. For each natal environment, one replicate of four hundred individuals of 
each species were separately added within 24 hrs of hatching into experimental 
microcosms. Water levels were maintained at 8 L through regular additions of RO water. 
Tray positions were rotated within the chamber every 24 hrs to control for effects of 
location within the chamber. This part of the experiment ran for 45 days which was long 
enough for well-fed larvae to complete development at 27 °C (Gerberg et al. 1994). 
Each tray was inspected daily for pupae that were subsequently removed and placed in 
400 ml tripour beakers until adult eclosion. These beakers were located in separate 
colony cages (27 qt. Sterlite® latch boxes (41.9 x 33 x 31.1 cm) with a stocking sleeve 
for access and cotton pad with 10% sugar solution) where newly emerged adults from 
each natal environment were kept. Larval rearing water of each of the three detrital 
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combinations were also filtered using a 150µm sieve and filtrate was reserved for use as 
oviposition substrate for gravid mosquitoes during field bioassays.  
Field Bioassays 
 Five days after the last batch of adults had emerged, female mosquitoes from each 
species from the three natal environments were blood fed on an immobilized Japanese 
quail, Coturnix japonica (IACUC 11092207). Engorged females were removed from 
colony cages with the aid of an aspirator and sorted from other mosquitoes after 
anesthetizing by chilling in a freezer for ~ 1 min. Afterwards, they were kept in separate 
colony cages for one week by which time the females were presumed gravid. One 
hundred gravid females from each natal environment per species were randomly selected 
and transferred using aspiration into a new cage for onward transport and introduction 
into field bioassay cages. Field bioassays were carried out inside a wood-framed structure 
with a concrete floor and a shade-cloth roof (netting with 50% shading at 1700 – 4250 
lux), located at the Science Park of USM in Hattiesburg, MS, 31°21'11.9"N 
89°21'35.1"W. Treatments were set up one hr prior to the introduction of gravid females 
and consisted of 18 mm diameter by 14 mm tall 3 L black bowls filled with 1L of 
oviposition infusion (500 ml rearing water from natal habitat and 500 ml tap water). 
Separate bowls were filled with only tap water as controls. The bowls for Aedes eggs had 
their inner walls covered with brown paper towels as Aedes mosquitoes oviposit on 
container walls just above the water surface level. Three treatment bowls and one control 
bowl were placed within each of four bioassay cages (3.8 x 1.2 x 1.2 m) that were 
covered with a no-see-um mesh (Figure 4.1). The placement of treatments and controls 
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was randomized within each cage. For all species, twenty gravid females from each natal 
environment were released into each of the four cages at 1700 hrs on release days. Two 
days after each release, egg papers for Ae. albopictus and Ae. aegypti and egg rafts of Cx. 
quinquefasciatus were collected at 1600 hrs. For Cx. quinquefasciatus, the numbers of 
egg rafts laid in each treatment were recorded and converted to the percentages of the 
total number of egg rafts laid in that replicate (i.e., a cage containing four bowls). 
Because Aedes lay eggs singly and are capable of skip-oviposition, the numbers of 
individual eggs laid in each Ae. albopictus and Ae. aegypti treatment were counted and 
converted to the percentages of the total eggs laid in that replicate. The experimental 
setup had 144 units: for each species (3), each natal habitat (3), and oviposition infusion 
choices + control per cage (4) per replicate (4).  
Larval Performance 
Eggs from all species were taken back to the laboratory. Eggs rafts for Cx. 
quinquefasciatus were counted and set up to hatch immediately after they were brought 
back to the laboratory. Eggs of Ae. albopictus and Ae. aegypti were counted and stored 
for one week in an environmental chamber (25 °C, photoperiod 14:10 L:D, and 85% RH) 
after which they were transferred to a nutrient broth solution (described in rearing 
methods) for hatching. Prior to hatching, eggs laid in a specific infusion were pooled 
together by infusion type. For each species, twenty individual F3 first instars were 
randomly selected from the pool of hatchlings and placed in each of five replicate 400 ml 
plastic tripour beakers filled with 398 mL of RO water and 2 mL of homogenized 
microorganism inoculum. Larvae were reared using the same food source and rearing 
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conditions as described for the natal environments; larvae from animal and leaf infusion 
were given animal and leaf detritus whereas larvae from animal or leaf infusion were 
given animal or leaf detritus, respectively. Beakers were inspected daily for pupae that 
were removed when observed and transferred to 0.25 dram glass shell vials. The date of 
pupation, date of emergence, species, and sex were recorded for each newly eclosed 
adult, after which all adults were freeze-killed and dried for 48 hrs at 50 °C. Adult dry 
mass was measured to the nearest 0.0001 g using a XP2U ultra-microbalance (Mettler-
Toledo Inc., Columbus, OH, USA). Survivorship (the percentage of initial larvae 
surviving to adulthood) was calculated for each species in each replicate of each 
treatment. This part of the experiment was allowed to run for 60 d after which mosquito 
larvae that have not pupated and pupae that did not eclose were counted as mortalities.  
To understand the effects of treatment combinations on population performance 
for the three species, an index of population performance (λ’) was calculated for each 
species. This index estimates the finite rate of increase and was derived from the per 
capita rate of increase (r) (Livdahl & Sugihara, 1984). 
This index is defined as follows: 
 
where N0 is the initial number of females (assumed 50%), D is the number of days 
required for a newly eclosed female to mate, obtain a blood meal and oviposit assumed to 
be 12 and 14 days for Ae. aegypti and Ae. albopictus respectively (Grill and Juliano, 
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1996), and 13 days for Cx. quinquefasciatus (McCann et al. 2009). Ax is the mean number 
of females that eclose on day x, wx is the mean size of females that eclose on day x, and 
ƒ(wx) is a function that estimates fecundity from regressions based on female mass. The 
fecundity-size relationships used were: Ae. albopictus f(wx) = 19.5+152.7wx (Lounibos et 
al. 2002); Ae. aegypti f(wx) = Ae. aegypti, f(wx) = 17.11 + 16.59(wx)0.765 (Grill and Juliano, 
1996), and for wild Cx. quinquefasciatus f(w) = -123.88 + 90.31*[(w + 0.162)/0.012]1/3 
(McCann et al. 2009, Allgood and Yee 2014). Values of λ’ > 1 indicated species positive 
population growth whereas values of λ’ < 1 showed negative growth; values of λ’= 1 
suggest no growth.  
Statistical Analyses 
 All raw data were assessed for normality and homogeneity of variances. To assess 
preference for oviposition substrate by females from each natal environment, numbers of 
eggs laid were analyzed by negative binomial regression, with infusion type and replicate 
as factors. Negative binomial distribution was used instead of Poisson or Gaussian 
distributions due to its biological relevance and better goodness of fit measurements in 
entomological studies of oviposition (Bliss and Fisher 1953, Candy 2000, Reiskind et al. 
2009). Post-hoc tests of individual pairwise comparisons were used to estimate 
differences in least square means by maximum likelihood to a χ2 distribution. 
Because no simple transformation of λ′ values yielded data that met assumptions of 
normality or homoscedasticity, I used randomization ANOVA (Manly 1991, 
Cassell 2002) to test the effects of infusion with detritus, and species on the population 
growth estimate. This procedure allows for comparison of original structure of data with 
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the random rearrangement of the data (Cassell 2002) by using random subsamples 
(n = 1000) of all permutations of the dependent variable (λ′) while preserving the order of 
the independent variables (infusion with detritus and species). Because the results from 
randomization ANOVA and traditional ANOVA differed, I did not use Tukey's honestly 
significant difference (HSD) tests (Sokal & Rohlf 1995) to resolve pairwise differences 
among means. 
Results 
Field Bioassays 
 Oviposition responses significantly differed among infusion type, from natal 
habitat (χ2 = 44.02; df = 3; P < 0.0001) for Ae. albopictus. However, there were no 
significant effects of natal habitat (χ2 = 1.19; df = 2; P = 0.5521) or interaction (χ2 = 3.57; 
df = 6; P = 0.7351) between natal habitat and infusion type. Overall, Aedes albopictus 
laid significantly more eggs in all infusion types compared to tap water. Within the natal 
habitat infusion, females significantly laid more eggs in the animal:leaf treatment (Figure 
4.2). 
 For Ae. aegypti, oviposition responses significantly differed among natal habitat 
(χ2 = 28.21; df = 2; P < 0.0001), infusion type (χ2 = 44.02; df = 3; P < 0.0001), and their 
interaction (χ2 = 19.17; df = 6; P = 0.0039). Significant differences in female oviposition 
were observed across infusion types and tap water. The number of eggs laid by females 
from animal-only natal habitat did not differ across infusion types but were significantly 
less in tap water (Figure 4.3). Also, the number of eggs laid by females from animal:leaf 
natal habitat did not differ across infusion types and tap water. However, females reared 
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in leaf-only natal habitat laid more eggs in infusions containing leaf (animal:leaf and leaf-
only) with the most number in the animal:leaf infusion, with the least number of eggs 
placed in tap water (Figure 4.3). 
 For Cx. quinquefasciatus, oviposition responses significantly differed among 
infusion type (χ2 = 31.58; df = 3; P < 0.0001) but there were no significant effects of 
natal habitat (χ2 = 0.96; df = 2; P = 0.6181) or the interaction of natal habitat and infusion 
type (χ2 = 6.14; df = 6; P = 0.4079). Culex quinquefasciatus laid no eggs in tap water but 
placed equal numbers across the different infusions (Figure 4.4).  
Larval Performance 
The randomization ANOVA on the population growth estimate (λ′) yielded a 
significant effect of infusion with detritus (F2, 2 = 2.86; P = 0.0010) but not species (F2, 2 = 
0.20; P = 0.9910) or the interaction between infusion with detritus and species (F4, 4 = 
1.34; P = 0.1530). Values of λ′ were lowest in the leaf-only treatment irrespective of 
species type. 
Discussion 
The results of the field bioassay experiment did not support my hypothesis of 
NHPI in Aedes albopictus. All females, regardless of their natal environment, equally 
oviposited in infusions compared to bowls containing tap water. Among infusion types, 
females from each natal habitat laid the most eggs in the bowl with the most detritus, the 
animal:leaf treatment (Figure 4.2). The lack of difference in oviposition preference could 
be due to the ability of all habitats having an equal probability of supporting larval 
development and survival to adulthood, which is consistent for the P-P hypothesis. 
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Container mosquitoes generally perform better with rapidly decaying detritus (e.g., 
senescent leaves and insect carcasses), which supports high microorganism productivity 
(Yee et al. 2007). Moreover, studies have shown that Ae. albopictus can exploit these 
resource types better than its competitors (e.g. Ae. aegypti, Ae. triseriatus, and Cx. 
pipiens) (Barrera 1996, Yee et al. 2007, Murrell and Juliano, 2008) due to their foraging 
behavior of browsing longer on detrital surfaces and their superior ability to efficiently 
sequester limiting resources and convert them to biomass (Carrieri et al. 2003, Yee et al. 
2004). Consequently, I can conclude that Ae. albopictus mosquitoes do not vary in 
oviposition preference as a result of carry-over effects of their natal habitat 
characteristics. 
For Aedes aegypti, oviposition differed across infusion types. Females from leaf-
only natal history preferentially chose infusions from natal habitats with leaf detritus and 
significantly oviposited more eggs in animal:leaf infusion than all other infusion types. 
This observation suggests some level of NHPI, albeit one that could occur under 
unfavorable conditions such as development in habitats with only leaf detritus which are 
of poorer quality than those containing animal-only or animal and leaf detritus (Yee and 
Juliano 2006, Murell et al. 2011). 
Females from animal-only and animal:leaf natal environments showed equal 
oviposition preference for all the infusions, including tap water. One explanation for this 
is the ability of Aedes aegypti and other Aedes species to spread their eggs across 
multiple locations (skip-oviposition) or spread hatching (Edgerly et al 1998), thereby 
risk-spreading (or bet-hedging) to reduce variance in mean fitness (Hopper 1999). The 
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more a female distributes her single batch of eggs (all matured eggs from one 
gonotrophic cycle) in a clutch (group of eggs deposited by one female at a single 
location) over multiple sites, the higher her net reproductive success, egg hatching and 
larval survival. Studies on oviposition preferences by Ae. aegypti have shown site 
selection to be influenced by conspecific eggs (Allan and Kline 1998, William et al 2008) 
due to oviposition-inducing egg semiochemicals (Ganesan et al. 2006). I did not 
investigate the effect of conspecific eggs on Ae. aegypti oviposition site selection. 
However, there could be a possible interaction between egg semiochemicals and the skip-
oviposition behavior of gravid females to lend support to P-P hypothesis as a stronger 
driving mechanism than NHPI, for this species.  
Previous studies that found some evidence for NHPI in Ae. aegypti (Kaur et al. 
2003, Hamilton et al. 2011) demonstrated a conditioning of oviposition to the chemical 
repellent Mozaway™ (Citronella and Neem oil). Larvae reared under control conditions 
avoided habitats containing the repellent, whereas those reared in the presence of the 
repellent did not discriminate against habitats containing the repellent, as adults (Kaur et 
al. 2003). However, this induction required adults to be exposed for some time to stimuli 
from the larval stage, thereby manifesting as ‘adult experience reinforced natal habitat 
preference induction (AER-NHPI)’ (Hamilton et al. 2011). These studies, while 
significant, do not demonstrate preference induction by natural characteristics of 
mosquito natal habitats (Reiskind and Zarrabi 2013). This is the first study to vary one of 
the natural resources for container habitats (i.e., detritus composition) to investigate 
NHPI in Ae. aegypti. However, the overall lack of oviposition preference by females for 
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infusions from their natal habitats, as shown by my study, does not support NHPI in Ae. 
aegypti. 
My field bioassay did not support my hypothesis of NHPI in Culex 
quinquefasciatus. Just as in Ae. albopictus, adult females showed equal preference for all 
infusion types, regardless of their natal habitat. However unlike Ae. albopictus, no eggs 
were laid by Cx. quinquefasciatus females in bowls containing tap water, suggesting that 
this species can discriminate between habitats with no resources for larvae; an essential 
ability to complement their higher nutritional threshold for larval performance (Yee et al, 
2015). Only one study (McCall and Eaton 2001) has examined NHPI in Cx 
quinquefasciatus. McCall and Eaton (2001) reared larval and pupal Cx. quinquefasciatus 
in water dilutions of an oviposition repellent compound (skatole) and an attractive odour 
compound (P-cresol), two substances often found in mosquito larval habitats. They found 
that larvae reared in habitats containing P-cresol avoided those containing skatole, 
whereas larvae reared in habitats containing skatole preferred to oviposit in skatole-laced 
habitats rather than in habitats with P-cresol. This NHPI from McCall and Eaton (2001) 
can be interpreted as a compelling evidence of the possibility of associative learning or 
imprinting in mosquitoes (Alonso and Schuck-Paim 2006). 
Studies of oviposition preference in adult insects reared as larvae in different 
habitats have shown positive induction (Davis and Stamps 2004), no induction (Reiskind 
and Zarrabi 2013), and a negative induction or aversion (Mader et al. 2012). In light of 
the lack of preference in oviposition responses by container mosquitoes to infusions from 
natal habitats in this study, it can be said that females preferentially choose oviposition 
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sites irrespective of their natal history. Therefore, I can conclude that the quality of 
habitat as perceived by adult mosquitoes may have a stronger influence on oviposition 
preference than their natal experience. This could also be possible especially if the 
strength of preference induction is highly related to the quality of the habitat (Stamps et 
al. 2009). Given that the immature stages of developing insects are often rather immobile 
or spatially limited to habitats where they hatched, natural selection should favor females 
with an ability to discriminate between habitats of different suitability for larval 
development (Thompson 1988, Mayhew 1997).  
Oviposition site selection by female mosquitoes has direct implications for 
offspring survival and growth, and also has consequences for population dynamics 
(Spencer et al 2002). As a result, gravid females are expected to adhere to the oviposition 
preference–offspring performance (P-P) hypothesis by selecting the most suitable sites 
for their offspring based on reliable cues of habitat quality in order to maximize their 
reproductive success (Thompson 1988). The P-P hypothesis was tested in my study, and I 
found evidence to support this hypothesis as overall population growth of mosquitoes 
was positive. Because there was no significant difference in population growth of 
mosquitoes based on the quality of infusions chosen by females, and apart from Ae. 
aegypti from leaf-only habitat that preferentially chose leaf-containing oviposition sites, I 
have no complete evidence to support my hypothesis of carry-over effects of natal habitat 
preference on larval performance.  
There have been disparities between female oviposition preference and offspring 
performance reported for several insect species, including mosquitoes (Heard 1994) and 
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females may choose sub-optimal oviposition sites due to their inability to predict 
constantly changing events, detect determinants of habitat quality, or obtain complete 
information about the environment (Heard 1994). For instance, in Aedes species, female 
oviposition preference and offspring performance can be based on factors associated with 
detritus, whereas in Culex species they can be based on factors associated with habitat 
variables such as tire size, water volume, and microorganism (Yee et al. 2015).  
This study was designed to improve our understanding of the role of NHPI on P-P 
in container mosquitoes. Although I focused on the differences in ratios of one animal 
and one leaf detritus type, most natural and artificial container habitats for mosquitoes 
often contain a combination of diverse of plant and animal resources (Yee et al. 2007). 
Future studies could examine the roles of other environmental conditions such pH, salt 
concentration, presence of conspecifics and congeneric species, or predators in 
influencing NHPI and its carry-over effects to alter fitness and performance in 
mosquitoes and other organisms with complex life histories. Nevertheless, my study 
confirms that oviposition site selection for container mosquitoes follow the predictions of 
the P-P hypothesis and that persistence of P-P hypothesis in container systems is 
potentially independent of NHPI. 
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Figure 4.1. Experimental setup for Aedes albopictus, Aedes aegypti and Culex 
quinquefasciatus. Gravid females for each species were produced from three natal 
habitats in the lab and introduced into each of four field bioassay cages (3.8 m X 1.2 m X 
1.2 m) containing (18 mm X 14 mm X 3 L) infusion bowls. Eggs laid were collected, 
brought to the lab, hatched and reared in infusions that they were found and provided 
respective detritus types for larval growth. 
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Figure 4.2. Mean (± standard error) number of eggs oviposited by female Aedes 
albopictus on infusions types collected from their natal habitats. Different lowercase 
letters indicate differences between infusion type treatments. 
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Figure 4.3. Mean (± standard error) number of eggs oviposited by female Aedes aegypti 
on infusions types collected from their natal habitats. Different lowercase letters indicate 
differences between infusion type treatments within a type of natal habitat. 
 
 
 
69 
 
 
 
 
 
Figure 4.4. Mean (± standard error) number of eggs oviposited by female Culex 
quinquefasciatus on infusions types collected from their natal habitats. Different 
lowercase letters indicate differences between infusion type treatments. 
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CHAPTER V 
RELATIONSHIPS BETWEEN THE LARVAL ENVIRONMENT AND MATERNAL 
EFFECTS IN CONTAINER-INHABITING MOSQUITOES 
Introduction 
Variation in life history patterns and processes can have important consequences 
for fitness, population dynamics, and speciation in organisms with complex life histories 
(Stearns 1992, Roff 2002). One important source of this variation is through maternal 
effects: the interaction between maternal phenotype and the environment that influences 
offspring phenotype (Mousseau and Fox 1998, Marshall and Uller 2007). The ecological 
and evolutionary importance of maternal effects is becoming increasingly recognized, 
and maternal effects can be regarded as an adaptive developmental plasticity, allowing 
organisms to respond to local environmental constraints (Badyaev and Uller, 2009, 
Duckworth, 2009). For instance, if females can identify cues in their environment, they 
can adjust investment per offspring so as to optimize offspring fitness within that 
environment (Stearns, 1992). Also, maternal investment in offspring can strongly 
influence offspring size and performance early in ontogeny (Kaplan 1989, Svensson and 
Sinervo 2000, Pfennig and Martin 2009, Martin and Pfennig 2010). 
 In several species, maternal investment depends on female physiological 
condition and the prevailing environmental quality (Kaplan 1987, Sinervo 1990). 
Moreover, the effects of maternal investment on offspring performance are usually 
context dependent (Kaplan 1992, Allen et al. 2008, Segers and Taborsky 2012) such that 
the level of maternal investment is expected to result in either a strong fitness advantage 
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or a fitness cost when the offspring develop in unfavorable environments (Einum and 
Fleming 2000, Allen et al. 2008). Thus, the fitness consequences of maternal investment 
arise from the complex interactions among the maternal environment, direct investment 
in offspring, and the offspring environment (Moore et al. 2015). Most of the studies on 
the fitness consequences of maternal investment to offspring have primarily emphasized 
its implications to early life stages (Sinervo et al. 1992, Rasanen et al. 2005, Sinervo and 
Doughty 1996, Marshall and Monro 2012) with limited empirical data across multiple 
life stages (Moran and Emlet 2001, Marshall et al. 2006, Dias and Marshall 2010, Allen 
and Marshall 2014). In addition, investigations in this field have centered on marine 
invertebrates (Marshall and Keough 2005, 2008, Dias and Marshall 2010, Jacobs and 
Sherrard 2010, Moran and Emlet 2001, Emlet and Sadro 2006, Allen and Marshall 2014). 
Other phyla and species with complex life cycles, especially those with distinct aquatic 
and terrestrial life stages (e.g., container-inhabiting mosquitoes), are underrepresented. 
An important principle of life-history theory is the trade-off between two key 
traits: (1) offspring quality, usually quantified by offspring size, and (2) the number of 
offspring produced; females may make many small or few large offspring, but not both 
(Smith and Fretwell 1974, Roff 2002). Because of the finite resources available to 
females, this trade-off is usually driven by the balance between energy spent on 
individual offspring and maternal fitness. Thus, maternal provisioning to either offspring 
quality or offspring number must reduce the resources available to the other thereby 
resulting in a negative phenotypic relationship (i.e., a trade-off) between offspring 
number and quality (Smith and Fretwell 1974, Fox and Czesak 2000, Messina and Fox 
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2001, Falster et al. 2008). However, optimality models suggest that a female’s 
reproductive strategy is constrained by an optimal offspring size, signifying an optimum 
trade-off between offspring size and number (Smith and Fretwell 1974, Marshall et al. 
2010). For instance, females in a given environment should be able to invest in each 
individual offspring equally and consistently produce offspring of optimal size. 
Regardless of such models, there is variability in offspring size in many species (Marshall 
et al. 2010). 
Much of the variation in egg size observed within-populations in many taxa 
correlates positively with maternal body size (Roff 1992, Hendry et al. 2001). Although 
this pattern may be reflective of the physiological or morphological constraints on egg 
size imposed by maternal size (Congdon and Gibbons 1987, Sakai and Harada 2001), it 
may also arise due to the dependence of adult female phenotype on a variety of 
environmental factors experienced during the larval developmental stage, including intra- 
and interspecific competition, abiotic stress, predation, and food availability (Marshall 
and Keough 2008). 
In holometabolous insects such as mosquitoes, environmental conditions 
experienced during larval development have significant effects on adult mosquito life 
history traits (Moller-Jacobs et al. 2014), and such variations in quality of larval habitats 
could be carried over to affect adult performance. For example, lower larval temperature 
and high resource availability produce larger adult individuals that often exhibit increased 
survival, fecundity, and overall fitness (Sibly and Atkinson 1994, Kingsolver and Huey 
2008). Also, larval environment shapes mosquito vector competence by significantly 
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affecting susceptibility to arboviruses (Alto et al. 2005, Telang et al. 2012) and parasites 
(Moller-Jacobs et al. 2014). However, studies that have examined the effects of larval 
environmental conditions on adult performance have largely focused on effects of 
resource availability or sub-lethal insecticide exposure on adult longevity, fecundity, or 
vector competence (Hawley 1985, Reiskind and Lounibos 2009, Muturi et al 2012), and 
less on other aspects of environmental variation. 
The research objective of this study was to determine the relationships among 
larval environment, maternal size, and maternal investment in two container mosquitoes: 
Aedes albopictus and Culex quinquefasciatus. I hypothesized that there are direct and 
indirect effects of larval environment (detritus as food source for growth and 
development) on female size and maternal investment of egg volume and egg number in 
Ae. albopictus and Cx. quinquefasciatus. Based on current knowledge, I predicted that: 
(1) there would be direct positive relationships between detritus type and female size as 
well as between detritus type and egg volume and number, (2) there is direct relationship 
between female size and egg volume and egg number, and (3) there is an indirect positive 
relationship between detritus type and egg volume and egg number as a result of the 
detritus effects on female size. 
Materials and Methods 
Setup 
First generation (F1) eggs of both species were hatched in a solution of 0.33 g of 
Nutrient Broth (DifcoTM, BD, Sparks, MD, USA) and 750 ml of reverse-osmosis (RO) 
water. Following hatching all first-instar larvae were rinsed to remove nutrient broth. 
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Microcosms consisted of 400 ml plastic tripour beakers filled with 398 mL of RO water 
and 2 mL of homogenized microorganism inoculum collected from field tires at the USM 
Lake Thoreau Environmental Center (hereafter, LTEC), located about five miles west of 
the USM campus in Hattiesburg, Mississippi (31°20'56.5"N 89°25'05.2"W). The natal 
environment for all mosquito larvae contained detritus in the form of animal (freeze-dried 
crickets (Acheta domestica)) [Fluker Laboratories, Baton Rouge, LA] and dry leaf 
(senescent red maple (Acer rubrum) collected at LTEC and oven-dried at 50°C for more 
3-5 days). I used detritus at three different ratios, expressed in relative terms: 2:0, 2:10, 
and 0:10 animal:leaf (1 unit of detritus equals 0.20 g). Prior to the introduction of 
mosquito larvae, water, inoculum, and detritus were added to microcosms and stored in 
an environmental chamber (Percival Scientific, Inc., Perry, IA, USA) set to 27 ºC on a 
12:12 h light:dark cycle, for three days to allow ample time for microorganism 
establishment and propagation (Allgood and Yee 2014). Twenty individuals of each 
species were added separately within 24 hrs of hatching into experimental microcosms. 
Each natal environment was replicated 10 times for a total of 30 beakers per species. 
Water levels were maintained at 400 ml through regular additions of RO water. Beakers 
were randomly positioned into each of three trays before placement into the 
environmental chamber. Tray positions were rotated within the chamber every 24 hrs to 
control for effects of location within the chamber. This part of the experiment ran for 45 
days, which was long enough for well-fed larvae to complete development at 27 °C 
(Gerberg et al. 1994). 
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Each beaker was inspected daily for pupae that were removed and placed 
individually in shell vials until adult eclosion. Newly emerged adults from each natal 
environment were identified to sex and transferred into separate adult holding cages (27 
qt. Sterlite® latch boxes (41.9 x 33 x 31.1 cm) with a stocking sleeve for access) for 
fecundity assessment. Female mosquitoes from both species were blood fed on 
immobilized Japanese quail, Coturnix japonica (IACUC #11092207), 11 days post 
emergence. Afterwards, females were allowed one week to complete egg maturation after 
which 10 individuals were randomly selected from each cage and placed individually in 
oviposition vessels made up of 600 ml black plastic cups containing 200 ml of gravid 
water (from tire inoculum), lined with paper towel and covered with a no-see-um mesh. 
Each cup was provided with cotton pads soaked in 10% sugar solution for adult female 
sustenance. After five days, females were removed from oviposition cups, freeze-killed 
and dried for 48 hrs at 50ºC, after which their dry weights were measured using a XP2U 
ultra-microbalance (Mettler Toledo Inc., Columbus, Ohio). Eggs laid per female were 
removed, counted, and subsequently hatched simultaneously using the procedure 
previously described. 
Before hatching eggs from Ae. albopictus, I determined their mean volume for 
females from each natal environment. Egg length (L) and maximum width (W) were 
measured to the nearest 0.01mm for 50 randomly selected eggs under a microscope using 
a Zeiss Axiovision ICc1 scope camera at 16x magnification. Following an approximation 
of egg shape to a prolate spheroid (Hawley 1985), the mean volume (V) was calculated 
as: 
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V = (𝜋LW2)/6 
Analysis 
Path analysis (Li 1975; Mitchell 1993) was used to determine the direction and 
strength of direct and indirect effects of natal environment (animal and leaf detritus) on 
female mass, egg number, and egg volume. Path analysis is a tool that allows for a 
statistical comparison of a set of hypothesized relationships (i.e., paths) among 
independent and dependent variables (Mitchell 2001). It is used in the study of life 
histories (e.g., Sinervo and DeNardo 1996) and uses path coefficients as standardized 
regression coefficients to quantify direct effects on a dependent variable caused by 
variation in an independent variable, in the absence of effects of other independent 
variables (Hatcher 1994, Mitchell 2001, Yee and Juliano, 2007).  Path analysis involves 
constructing a full model and estimating the importance of particular paths by testing the 
fit of reduced models in which one or more paths have been removed (Hatcher 1994, 
Mitchell 2001).  
Path diagrams were constructed for each species, separately. For Ae. albopictus, I 
constructed my full model to include direct relationships from detritus types to female 
mass, egg number and egg volume, as well as relationships from female mass to egg 
number and egg volume (Figure 5.1A). Using a step-wise approach, I singly removed 
paths linking detritus to female size, egg number, and egg volume. After each path was 
removed, I tested the “goodness-of-fit” of the resulting reduced models using a Chi-
square χ2 test (PROC CALIS, SAS 2004). Specifically, I removed the path linking animal 
detritus to female size, followed by the path linking animal detritus to egg volume and 
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then the path linking animal detritus to egg number. For leaf detritus, I removed the path 
linking it to female size followed by the paths linking it to egg volume or egg number. I 
singly removed the paths linking female size to egg volume and egg number. The 
approach resulted in eight reduced models (Figure 5.1).  
For Culex quinquefasciatus, my full model included direct links from detritus 
types to female mass and egg number, as well as links from female mass to egg number 
(Figure 5.4A). I was not able to measure and include egg volume for Cx. 
quinquefasciatus because of the nature of Culex egg rafts and the difficulty in singling 
out individual eggs for measurement without damage. I singly removed paths linking 
detritus type to female size and egg number and tested the goodness of fit of each reduced 
model resulting from a path removal. Specifically, I removed the path linking animal 
detritus to female size, followed by the path linking animal detritus to egg number. I 
equally removed the path linking leaf detritus to female size followed by the path linking 
it to egg number. I also removed the paths linking female size to egg number. This 
approach resulted in five reduced models (Figure 5.2).  The final model for Ae. 
albopictus (Figure 5.3B) and Cx. quinquefasciatus (Figure 5.4B) included only the paths 
that were important in linking detritus to female size and egg characteristics. The final 
model for Ae. albopictus also included a path showing relationship between egg volume 
and egg number. 
Results 
The full path model for Ae. albopictus explained 41% of the variation in female 
size and 58% of the variation in egg number (Figure 5.3A), but only 28% of the variation 
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in egg volume (Figure 5.3A, Figure 5.5).There were strong positive effects of animal 
detritus on female size and egg number, but a strong negative effect on egg volume. Leaf 
detritus had a weak negative effect on female size and a weak positive effect on egg 
number but moderate positive effect on egg volume (Figure 5.3A). There was a 
significant lack of fit in the removal of direct paths from animal detritus to female size 
(reduced model 1, χ2 = 9.4645, df = 1, P = 0.0021) and to egg number (reduced model 3, 
χ2 = 3.1193, df = 2, P = 0.0014), and from leaf detritus to egg volume (reduced model 5, 
χ2 = 10.0271, df = 3, P = 0.0183) indicating that these paths were necessary for 
explaining the relationships among variables. After removal of paths that did not affect 
model fit, the final model explained 39% of the variation in female size, 54% of the 
variation in egg number, and 13% of variation in egg volume (Figure 5.3B). The path 
coefficient for animal detritus to female size and egg number increased from +0.5533 and 
+0.5762 in the full model to +0.6245 and 0.7277 respectively, in the final model. 
Likewise, the path coefficient for leaf detritus to egg volume went from +0.3369 in the 
full model to +0.3562 in the final model. The path coefficient between egg volume and 
egg number went from +0.0137 in the full model to +0.0901 in the final model. There 
was no change in the path coefficient -0.5000 between animal and leaf detritus from the 
full model to the final model. 
For Culex quinquefasciatus, the full path model explained 60.4% of the variation 
in female size and 76.5% of the variation in egg number (Figure 5.4A). There were strong 
positive effects of animal detritus on female size and egg number while leaf detritus had a 
weak positive effect on female size and egg number (Figure 5.4A). The removal of direct 
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paths from animal detritus to female size (reduced model 1, χ2 = 24.1634, df = 1, P < 
0.001) and to egg number (reduced model 2, χ2 = 14.7792, df = 1, P = 0.0001) resulted in 
a significant decrease in fit suggesting that these paths were necessary for explaining the 
relationships among variables. After removal of paths that did not affect the fit of the 
model, the final model explained 59.3% of the variation in female size and 73.6% of the 
variation in egg number (Figure 5.4B). The path coefficient for animal detritus to female 
size and egg number changed from +0.8292 and +0.6924 in the full model to +0.7701 
and 0.8582 in the final model, respectively. There was no change in the path coefficient -
0.5000 between animal and leaf detritus from the full model to the final model. 
Discussion 
I found evidence to support my hypothesis of relationships among larval 
environment, maternal size, and maternal investment in container mosquitoes. The results 
from path analysis show that detritus quality has an important influence on maternal size 
and two measures of maternal investment: egg volume and egg number in Aedes 
albopictus and only egg number in Culex quinquefasciatus (for which egg volume was 
not quantified). As predicted, there were strong positive relationships between detritus 
type and female size as well as between detritus type and egg volume and number. 
Specifically, for both species, the high variability in female size and egg number were 
dependent on animal detritus and largely independent of leaf detritus. In container 
mosquito habitats, allochthonous inputs of detritus (e.g., senescent leaves, flowers, 
invertebrate carcasses) are the main source of nutrition supporting the growth of fungi, 
bacteria, and protozoans (Merritt et al. 1992, Walker et al. 1996, Yee and Juliano 2006), 
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which are main food resources for developing larvae (Daugherty et al. 2000, Yee et al. 
2007). Likewise, the presence of high-quality detritus types alters the intensity of species 
interactions by shifting the outcome of interspecific competition from competitive 
asymmetry or competitive exclusion to possible stable coexistence (Juliano 2009, Murrell 
et al, 2011). Leaf material is known to be a relatively poor-quality resource, due to its 
relatively slow decaying and high ratio of carbon to nitrogen (Fish and Carpenter 1982, 
Garman 1992, Barrera 1996, Dieng et al. 2002). In this study, leaf detritus was only 
important for egg volume in Aedes albopictus. Conversely, animal detritus appears to be 
a better quality resource beneficial to consumers due to its rapid release of nutrients, ease 
of direct ingestion (Yee and Juliano 2006), and greater concentration of nutrients 
(Nakano et al. 1999, Henschel et al. 2001, Murrell et al, 2011). Therefore my results lend 
further support to the suggestion that animal detritus is a higher quality resource for 
container mosquitoes. There are other components of larval environment such as 
temperature (Kingsolver and Huey 2008), competition, and predation (Fox and Czesak 
2000, Juliano 2009) that are known to influence maternal size and fecundity in insects. 
Mine is the first study to show positive relationships between detritus types in larval 
environment, maternal size and maternal investment in container mosquitoes. 
I found no evidence to support my hypothesis of direct relationships between 
maternal size and maternal investment in offspring (i.e., egg volume and egg number). 
The final model showed no direct paths between female size and egg volume for Ae. 
albopictus, or egg number in both Ae. albopictus and Cx. quinquefasciatus. This was 
especially surprising because of the many studies that have typically demonstrated 
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increases in maternal investment with maternal size, and a strong positive relationship 
between maternal size and maternal investment remarkably consistent across taxa (Roff 
2002, Fox and Czesak 2000, Lim et al. 2014). In mosquitoes, there is a positive 
relationship between female body size and egg production (Armbruster and Hutchinson 
2002, Briegel 1990, Lima et al. 2003, Lyimo and Takken 1993). Because body size is 
usually positively correlated with larval food resources and thus can serve as an indicator 
of larval habitat quality (Briegel 2003), the implication from my results is that female 
body size may be a less important factor than the quality of larval habitat in explaining 
variations in egg volume and egg size than female mass. 
My study showed low variability in egg volume in Ae. albopictus (Figure 5.5). 
This may be a result of the physiological or morphological constraints on egg size 
imposed by maternal size (Congdon and Gibbons 1987, Sakai and Harada 2001). 
Changes in egg size or volume in response to maternal nutrition or competition have been 
reported in seed beetles (Kawecki 1995), cockroaches (Barrett et al. 
2009), Daphnia (McKee and Ebert 1996) and bryozoans (Allen et al. 2008), but more 
often with little to no effect observed (Fox and Czesak 2000).This is the first study to 
examine the relationship between egg size and maternal nutrition in container mosquitoes 
and specifically in Ae. albopictus. My results suggest the establishment of an optimal 
mosquito egg size and the possibility that adaptive plasticity in maternal investment is 
only reflected in mosquito egg number. The implication is that increasing egg number 
becomes the main option available to maximize reproductive fitness. I was unable to 
measure egg volume for Cx. quinquefasciatus and thereby estimate its variability and 
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relationships with detritus, female size, and egg number. This is because Culex eggs are 
laid as “rafts” on the water surface and this makes it difficult to single out individual eggs 
for measurement without damage.  Moreover individual Culex eggs would need to have 
relatively similar volumes in order to maintain the surface area required to keep egg rafts 
afloat. The implication is that patterns of maternal investment in Culex eggs may be 
different from those in Aedes eggs or any other mosquito genera, such that any maternal 
investment in Culex eggs would have to be aimed at only increasing egg raft size by 
increasing the number of eggs within single rafts rather than increasing the volume of 
individual eggs within a raft.  
At the intraspecific level, evidence supports an optimum trade-off between 
offspring size and number (Smith and Fretwell 1974, Marshall et al. 2010) when 
heterogeneity in resource availability, or quality, is considered (Lim et al. 2014). In my 
study, there was a weak relationship between egg size and egg number for Ae. albopictus. 
This was consistent with findings from Lim et al. (2014) that showed little to no 
correlation between offspring size and number. In summary, this study has shown the 
presence of positive relationships between detritus, a major component of larval habitats 
and maternal effects in container mosquitoes. Although I did not measure the relationship 
between detritus and other measures of maternal investment such as allocation of 
nutritional reserves to individual eggs and size of pharate-first instar larvae, these factors 
are equally important and could be affected by detritus type and composition in larval 
habitats of females, or by other maternal environmental conditions.  Future studies could 
also examine the relationships between maternal effects and other environmental factors 
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and the presence of possible carry-over effects of maternal investments across life stages 
of mosquitoes and other organisms with complex life cycles.   
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Figure 5.1. Summary of path analysis models evaluated for Aedes albopictus. Simplified 
representation of evaluated path analysis models for the eight hypotheses considered for 
animal detritus and leaf detritus with female size, egg number and egg volume.  
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Figure 5.2. Summary of path analysis models evaluated for Culex quinquefasciatus 
Simplified representation of evaluated path analysis models for the five hypotheses 
considered for animal detritus and leaf detritus with female size and egg number. 
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Figure 5.3. Path diagrams for Aedes albopictus showing importance of links among 
detritus types, female size, egg volume and egg number. (A) The full model: direct 
effects of animal and leaf detritus on female size, egg volume and egg number; direct 
effect of female size on egg volume and egg number (B) The final model: removal of 
paths that did not change the fit of the full model. Standardized path coefficients next to 
each line indicate the direction and magnitude of effects of one variable on another. 
Values for R2 are provided below each variable. 
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Figure 5.4. Path diagrams for Culex quinquefasciatus showing importance of links 
among detritus types, female size and egg number. (A) The full model: direct effects of 
animal and leaf detritus on female size and egg number; direct effect of female size on 
animal and leaf detritus. (B) The final model: removal of paths that did not change the fit 
of the full model. Standardized path coefficients next to each line indicate the direction 
and magnitude of effects of one variable on another. Values for R2 are provided below 
each variable. 
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Figure 5.5. Mean (± standard error) volume of eggs oviposited by female Aedes 
albopictus from larval rearing environments containing different detritus types. 
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